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Magnetospheric and High-Latitude
lonospheric Electrodynamics

1. INTRODUCTION

This report deals with the volume of space that is bounded externally by
the magnetopause, and internally by the plasmapause and the high-latitude jono-
sphere at an aititude of 300 km, The magnetopause separates regions of space
dominated by the earth's magnetic field {magnetosphere), and by the shocked
solar wind (magnetosheath), Earthward of the plasmapause, dynamics are gen-
erally controlled by corotation rather than by solar-wind driven convection,

The arbitrarily chosen, low-altitude boundary in the ionosphere represents a
transition below which the effects of the earth's neutral atmosphere are dominant.,
From the viewpoints of both cause and effect, the report is something less than
self-contained, Without the geomagnetic field and the solar wind, there would
be no magnetosphere and no magnetospheric electrodynamics; without solar
irradiance, there would be much less of an ionosphere, Without magnetospheric
electrodynamics, there would be no aurora, no high-latitude currents, no ring
current, and no problems with spacecraft charging.

The term "electrodynamics' encompasses a complex of processes by which
charged particles move about in the magnetosphere-ionosphere system, The
nature of the processes varies from region to region within the system. Magnetic

Received for publication 12 April 1982




merging at the magnetopause, and field-aligned potential drops above the auroral
ionosphere, are examples of localized electrodynamic processes. They are uni-
fied as electrodynamic processes in that they emerge, with appropriate boundary
conditions, as solutions of the Vlasov-Maxwell equations. General solutions of the
Vlasov-Maxwell equations over the entire magnetosphere -ionosphere system are
well beyond present capabilities. Some success, however, has been abhieved by
considering elements of the system in relative isolation, This provides insight
into how system elements evolve in response to external inputs, Since the entire
system is electrically coupled, the isolated element approach is self-limiting. As
one element evolves, it affects processes in other elements of the system, The
m.ain goals of this report are to describe the various system elements and indicate,
in a qualititative sense, how they are electrically coupled,

In dealing with the earth's magnetosphere, three things quickly impress the
mind. First, there is almost nothing there., Particle densities in the plasma sheet
range up to about l/cmg. With present technology, laboratory vacuum svstems are
able to get down to densities of lolo/cmg. Second, the volume of space nccupied
by the magnetosphere is considerable. Typical magnetospheric dimensions are of
the order of 10 RE (1 RI-T = 6.4 x 103 km). Third, when compressed to global scales,
the effects of magnetospheric processes are impressive. This third point is illus-
trated in Figure 1, and provides a convenient point of departure for this survey of
magnetcspheric and high-latitude ionospheric processes, The figure exemplifies
the spatial distribution of visible radiation observed by an optical imaging system
on a DMSP (Defense Neteorological Satellite Program) satellite, City lights provide
an easily recognized map of the western half of North America. The total enersv
emitted by auroral forms over the northern tier of Canadian provinces rivals or
exceeds the combined ground emissions from the United States and Canada. A\uroral
emissions are largely due to plasma sheet electrons, with energies of a few keV
impacting the I'=-laver of the ionosphere, The instantaneous locus of plasma sheet
electron precipitation is called the auroral oval, Global imagerv from satellites
such as DVISP have shown that the auroral oval mav be approximated by ecircular
bands surrounding the geomagnetic poles, The centers of the circles are offset by
about 3° to the night sides of the magnetic poles, The radii of the circle, the widths
of the bands, and the intensity of emissions vary with the level of geomagnetic ncti-
vitv, However, the auroral oval exists at all times, and acts as a mnjor sink for
magnetospheric particles and energy, The particles and energy lost hv the magneto-
sphere due to auroral precipitation ultimatelv come from the solar wind, Thus, an
estimate of global precipitation loss also gives an estimate of the efficiency of solar

\t'inf]/rﬂﬂﬂ'hefﬁ’w‘hh("r‘i(‘ interactions requirerd to maintain the auroras,
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TFigure 1. DASP Imagery From Over Western North Amerieca

During periods of moderate geomagnetic activity, the auroral oval can be ap-
proximated as a circular band extending from 75° to 65° magnetic Tatitude, The
area of such a band is lﬁchmg. The mean flux of electrons into the auroral oval
is about lﬂo/cm“)-soc. Thus, under steadv state conditions, the solar wind must

9
supplv electrons to the magnetosphere at a rate of 10“G/sec. The avernge energv

of precipitating electrons is of the order of 1 ke\'. The energv 1oss due to electron

. o ieas S 1 . .

- precipitation alone i- about 10 W. Similar or Iarger amounts of solar wind enerav
" must be supplied to acecount for ionospheric Joule heating, and for maintaining the

L ring current., The central focus of this report is to outline the present understanding

an S115
of how 10 eleetrons per second anid tens of billions of watts are extracterd from the

sofar wind to Adrive masnetospherie and ionospherie electrodinartic procesces,
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2. MAGNETOSPHERIC BOUNDARY INTERACTIONS

In describing interactions between the solar wind and the earth's magnetosphere,,
two coordinate systems are useful: geocentric solar-ecliptic (SE) and solar magneto-
spheric (SM) coordinates. Both coordinate systems have their origins at the center
of the earth with the X axes positive toward the center of the sun; that is, XSE = XSM'
The ZSE axis is normal to the ecliptic plane, and positive toward the north, The
Ysg that completes the right-hand system is positive toward local dusk. The ZSM
axis is coplanar with the earth's magnetic moment vector (M) and the XSM axis. It
is positive toward ecliptic north. The YSM axis, which always lies in the SM equa-
torial plane, completes the right-hand orthogonal coordinate system. For a radially
flowing solar wind (\78 = —VS)A(SE = -Vs)A(SM, where )A(SE and %SM are unit vectors
along XSE and XSM' respectively) the angle between M and ZSM gives the magnetic
latitude of the magnetospheric subsolar point. Note that due to the 11° offset between
M and the earth's rotational axis, and to the 23,5° angle between the equatorial and
ecliptic planes, the magnetic latitude of the subsolar point is subject to + 34, 5° com-
bined seasonal and diurnal variations, The SM is superior to the SE system for

ordering data relevant to interactions between the solar wind and the magnetosphere.

2.1 The Magnetopause

The shape of the ''steady state' magnetosphere is determined from the force

balance equation

(1)

<1
-
[
n-g
+
w—
.t
n
[=)

where P and T are the total pressure, and the Maxwell stress tensors, respectively.
The total-pressure tensor is made up of two parts, due to the dynamic and thermal
pressures of the solar-wind components.

I: = 2nsmp\ S\ s tp (2)

.+
S1 pse

where ng is the solar-wind density, m_ the mass of a proton; Py and Pge 2re the
thermal pressures of solar-wind ions and electrons, respectively, The factor of

2 accounts for specular reflection of incoming particles, The shape of the magneto-
pause on the davside can be calculated by numerical means using a sirnplified force
bhalance

A

IS B TR
2nsmp\S (- Nep *ny )7 = By /2 g (3)
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where u is the permittivity of fres Space, ﬁM is an outward-directed unit vector,
normal to the magnetopause, and BT is the total magnetic field at the magnetopause.
R’T is a superposition_.of fields due to the earth's dipole B, to the currents flowing
on the magnetopause BM’ aEd to other currents distributed in the magnetosphere,
Beyond the magnetopause, BM exactly cancels the internal fields., To a very good
approximation at the subsolar point of the magnetopause

| Byl =2lny, x Byl . (4)

In the magnetic equatorial plane
i.=n/1} (5)
;D o’ :

where BO =3.1x 10-5’1‘ is the strength of the earth's field at the surf. on the
magnetic equator. 1. is the distance from the center of the earth in earth radii
(R,.). Substitution of Tiqs. (4) and (5) into Fq. (3) gives the distance to the magneto-
pause near the subsolar point

B 2 . 21/6
. (l%0 /”onsmp\s ) .

(6)
I"'or a solar-wind density and velocity of :")/cm?' and 400 km/see, T‘ =9, The
shape nf the dayvside magnetopause was calculated hy Mlead and RPard 1 and by
(H.wn, using iterative numerical techniques in which the tilt of the dipole was
imored and included, respectively. Figure 2 shows a meridional cross section
of the magnetosphere calculated with I‘M = 10 in the \Mead and Beard model, The
locus of dipole field lines (dashed lines), in comparison with the calculated total
field, strikingly iNustrates the effects of the solar wind on the overall magnetic
topology. \lagnetic field lines on the davside are compressed, while those on the
nightside are elongated, Note that in this model field lines intersecting the earth
at magnetic Iatitudes greater than 82° are swent back to the nightside by the solar
wind, ‘There are a pair of singular points on the magnetopause at separatrices
between field lines elosing on the dayv and night sides, These points correspond to

the davside cusps,

. Mead, G, D,, and Beard, D, 13, (1964) Shane of the geometric field solar
wind boundary, J, Geophys, Res. 69:1169,

2. Olsen, W, P, (1069 The shape of the tilted magnetopause, T, Geophvs, Res,
T15642,
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IFigure 2, 1\lodel of the Farth's \Magnetic Tield Distorted bv the Solar Wind!

e models inst Hscuesed do not deserihe the nightside of the magneteiail
hematelv,  One reas=on is apparent from a consideration of Fq, (2), On the dav-
sidde of the magnetosphere, the Jdvnamic nressure of the solar wind dominates over
fhetheral nrevsupres.  On the nightside, with plasma flow almoest tangential to
She eameransuse (\:\, . ?1\( + M, the conver=e ix true, \n early mndo]’)’ nf the
revmetosphere had o teardrop shape, with the closing distance determined by the
solar=wind \aeh number, I‘izldinsf‘ron4 sucsested that, in flowing past the maoneto-
sphere, the solar wind exerts tangentinl stresses nt the boundarvy, Such stresses
fraws the night<ide of the magetosphere into au elongated maenetotail, Tn the ab-
conee of signifiennt plissma within the magnetotail, the tangential force exerted by

the solar wind on the magnetosphere is

3. Jdohnson, 1N, S, (1969) The gross character of the geomagnetic field in the
solar wind, I, Geophvs, Res. 0653:3049,

4, Piddington, .. fI. (1963) Theories of the geomagnetic storm main phase,
Planet, Space Sei, 1101277,
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where BMT and RMT are the field strength and radius of the magnetotail, respec-
tively. There are, however, distributed currents in the inner magnetosphere (the
ring current), and in the magnetotail (the neutral sheet currents), whose effects

must be included in realistic stress calculations.

2.2 Convection

In many cases, the magnetosphere-solar wind interaction is well described bv
steady state equations such as Eq. (1). The equilibrium represented bv these equa-
tions, however, is dvnamic rather than static, Only a dynamic situation is consis-
tent with existing high-latitude current svstems., These currents result from iono-
spheric convection, which is driven by magnetospheric convection, D \agnetospheric
convection is, in turn, driven by the solar wind, That is, energv is extracted from
the solar wind by the magnetosphere, and at least some of that energv is dissipated
in the ionosphere, Two mechanisms for transferring energv to the magnetosphere
have been developed over the last two decades: viscous interactionﬁ and magnetic
merging. 7 Both models explain many qualitative features of magnetospheric con-
vection and auroral particle energization, Recent satellite ohservations suggest
that both mechanisms are operative, but in more complex wavs than envisaged hv
early proponents,

The \xford-Hines modelG postulates that the magnetosheath plasma exerts
viscous fo~ce on a Taver of unspecified thickness inside the magnetopause, \lag-
netic field lines threading this laver are dragged in the antisolar direction, an
are stretched to great distances in the magnetotail., \s elongated flux tubes move
out of the viscous interaction laver, thesy snap back to a more dipolar configuration,
In the rest frame of the earth, this motion of magnetie field lines appears as an
electric field, f=-Txd, magnetospheric equatorial projection of the convection
pattern generated in the viscous interaction model is given in Ficure 3, When map-
ped to ionospheric altitudes, assuming that [DET 0, the model reproduces the
general features of the polm‘/auroral current svstem, Note that plasma trapped on

5, Gold, T, (1959 Votions in the maonetosphere of the earth, I, Geophv=, Res,
61:1210,

. \xford, W, I,, and Hines, C. O, (1961) \ unifving theory of high-1atitude
seaph sical phenomena and geomagnetic storms, Can, T, Phes, 30:1133,

7., Dungev, I, W, (1961) Interplanetary magnetic field and the auroral zones,
Phyvs, Rev, Tett, 6:17,
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Figure 3, Iquatorial Projection of Convection Pattern in Viscous Interaction Model

elongated flux tubes is adiabatically heated as the flux tubes convect earthward and
shrink in volume,

The second model postulates that the dvnamic interaction hetween the solar
wind and the magnetosphere proceeds by means of a magnetic merging process.
The simplest features of this phenomenon are illustrated in Figure 4, Consider
a magnetic field that at great distances above (helow) the X-Y plane points in the
+ (-} X direction, In the presence of an electric field 'Y, magnetic field lines
convect toward the X-Y plane, At the neutral line (X =0, Z = 0), magnetic field
lines from the upper half space merge with field 1ines of the opposite polarity from
the lower half space, To the left (right) of the neutral line, merged magnetic field
lines cross the X-Y plane with a + (-) 7 component, and . x B convect away from

the neutral line in the + (-) direction, Two necessarv conditions for magnetic

14
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Figure 4. NM\agnetic Field Geometry and Flectric Field Required for \lagnetic
\Merging

merging are magnetic fields of opposite polarity across some plane, and an elec-
tric field component that is tangent to the plane,

Before considering how magnetic merging might apply to the magnetosphere,
it is useful to distinguish between several possible magnetic topologies, Tt is well
known that a weak interplanetary magnetic field (IMT) is carried by the solar wind,
Except for a small correction term in the force halance equation, the TVIF plavs no
obvious role in the viscous interaction model, The magnetic merging model, how-
ever, assigns important roles to the TVIT because this model requires three tvpes
of magnetic field lines: (1) TMT lines with both "feet’ in the interplanetarv medium,
(2) closed field lines with hoth 'feet' in the earth, and (3} open field lines with one
“foot’ on earth and the nther in the solar wind. Dunfzey7 pointed out that when the
IMF has a southward component, magnetic merging can occur near the subsolar
point of the magnetopause, The idea is illustrated in Figure 5, which can he viewed
either as a snapshot, or as a time history ¢” an individual field line, As southward
directed [MF lines are convected up against compressed dipolar field lines, merg-
ing nccurs at timo@ . Decause one foot of a newlv merged field line is embhedded in

the solar wind, the whole field line is dragged in the antisolar (-X Y direction,

SAT
In an earth-stationary frame of reference, the motion of the ionospheric foot of the
field line appears to result from a dawn-to-dusk electrie field, 'l"imos@ thrnugh@)

show the various stages of antisunwnrd motion of an open field line, A\t time(i@, a

15
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Figure 5, Snapshot of \lagnetic Merging Between Southward T\TF and the Farth's
Alagnetosphere

portion of the field line has convected to the magnetic equatorial plane where it
reconnects with an open field line from the conjugate ionosphere. Under the in-
fluence of the dawn-to-dusk electric field the field line then convects earthward
(times@ through@ ). Eventually, reconnected field lines move to the dayside
{time @ ), where they are in position to continue the merging-reconnection cvcele,
The magnetospheric convection patterns predicted by the viscous interaction
and magnetic merging models with a southward IMF are quite similar, FEmpirical
evidence from near the mngnetopausea_ln indicates that both viscous and magnetic
merging processes occur. 'I'hat manv observational studies have shown high corre-

lations between southward turaings of the IMF and the onset of magnetic activity

8. Iastman, T. 11, Hones, Jr,, I, W,, Bame, S, .J,, and \shridge, J, R,
(1976) The magnetospheric houndarv laver: site of plasma momentum and
energy transfer from the magnetosheath into the magnetosphere, Geophvs.

Res, Tett, 3:685,

Russell, C. T,, and lphic, R. C. (1979 ISEF observations of flux transfer

9.
events at the davside magnetopause, Geophyvs, Res, T.ett, 6:33,

10, MNozer, Y. S,, Torbert, R. 13,, IFahleson, U, V., Falthammer, C. G,,
Gonfalone, \,, Pedersen, \., and Russell, C, T, (1979 Direct obhserva-
tion of a tangential electric field compaonent at the magnetopause, Geophvs,

Res, T.ett, 6:305,
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indicates a dominant role for energv transfer by a merging process. \s discussed

in Sec. 6.1, this surmise is supported by modifications observed in polar-cap
(open field line) convection patterns, with variations in the YST\T component of the IMIF
and when the ZSM component is northward. Finally, we mention that, currently,

merging is thought to occur sporadically, rather than as a steady state process, 11

o
and in the vicinity of the davside cusps rather than near the subsolar point. 12,13

2.3 Boundary Lavers

Before considering the dynamics of the closed portion of the mametosphere,
let us return briefly to our original question of how 1026 particles/sec gain entrv
to the plasma sheet, Between 1028 and 102'0 solar wind particles/see impact the
davside magnetopause. Thus, an entryv efficiency of less than 1 percent is suf-
ficient to maintain the plasma sheet. Our understanding of how mnagnetosheath
plasma gains entry to the magnetosphere and influences its interior dvnamics has
been evolvinyg rapidlyv over the last decade. Under such circumstances, it is not
unusual to encounter a multiplicity of nomenclatures that will probably be simpli-
fied as relationships hetween various boundary plasma regimes become more evi-
dent, \'nsy]innns“ has defined magnetospherie boundary lavers as regions of
space threaded by magnetie field lines of the maanetosphere, but populated by plasma
similar to that found in the magnetosheath, The four regions satisfving this defini-
tion are: (1) the plasma mantle, (2) the interior cusp, (3) the low-latitude houndary
Taver, and (4) the plasma sheet boundary laver. TFigure 6 is a schematic repre-
sentation of the magnetospheric loei of these recimes, Somewhat speculative rep+
resentations of their ionospheric proiections, and their "source-relationships' to
the plasma sheet, are given in Figures 6b and 7, respectively, The plasama mantle
is found on open muagnetic field lines: the remaining three regions are found in closed

field line portions of the mametosphere,

11. IHaerendel, i, , Paschmann, ti,, Sckopke, \., Rosenbauver, f1,, and Hedge-
cock, P. O, (1978) The frontside boundary Taver of the maonetosphere and
the probler of reconnection, T, Geophvs, Res, 83:3105,

12, Crooker, N, U, (1977) Davside meprging and cusp geometry, T, Geonhvs, Res,
82:3R20, - —

13, Crooker, N, U, (197" The magnetospheric boundary Tavers: 1 georetrieally
explicit model, 7, Geophvs. Res, 81:051,

14, Vasvliunas, \, VM, (1979) Interaction between the magnetospheric houndnry
laver= and the ionosphere, Proc, \Vagnetospheric Doundary 1avers Conf,
('S \ SP-118) Vinbach, \ustrin, p, 377,
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The plasma mantle was identified first as a magnetosheath-like plasma flowing
nearly along magnetic field lines inside the magnetopause, in the near-earth lobes
of the magnetotail, 16 The plasma density and the spatial thickness of the mantle are
greatest during periods of southward IMF, 17 The mantle is also observed in the
lobes of the magnetotail at lunar distances (XSM = -60 RE‘) near the ecliptic plane, 18
Mantle particles are believed to enter the magnetosphere near the dayside cusp., A
dawn-to-dusk electric field causes particles to convect in the antisunward direc-
tion, so that particles that mirror at low altitudes find themselves on open field
lines as they rise from their mirror points. The same dawn-to-dusk electric field
causes the mantle particles to drift toward the equatorial plane as they move away
from the earth. Pilipp and Mor-t‘ill19 suggested that mantle particles may be one
source of plasma sheet particles.

As the name suggests, the "interior cusp'' refers to the region of closed mag-
netic field lines passing through or just equatorward of the cusp., Magnetosheath
plasma diffuses into this region. As opposed to the mantle or the low-latitude
boundary layer, the plasma of this region, which is also called the entry laver, is
relatively stagnant, However, depending on the strength and direction of convective
electric fields in the cusp, it is possible to think of the interior cusp plasma as a
partial source of both the mantle and the low-latitude boundary layer.

Along the dawn and dusk meridians, near the magnetospheric equatorial plane,
the low-latitude boundary layer is characterized by magnetosheath-like plasma
flowing in the antisunward direction. The thickness of this layer ranges up to ~ 1 Rp.
\s shown in Figure Ga, the low-latitude boundary layer has been ohserved to great
distances in the antisolar direction. The density of plasma within the layer is ahout

a factor of 4 less than that of the adjacent magnetosheath. 20 Flectrons within the

16, Rosenbauer, I1,, Grunwalt, H,, Montgomery, M, D,, Paschmann, G,, and
Sckopke, N, (1975) HEOS 2 plasma observations in the distant polar mag-
netosphere: the plasma mantle, J. Geophvs, Res, 80:2723,

17, Sckopke, N., Paschmann, G., Rosenbauer, 11,, and Fairfield, D. H, (1976)
Influence of the interplanetary magnetic field on the occurrence and thick-
ness of the plasma mantle, J. Geophvs. Res, 81: 2687,

18, Hardy, D. A\,, Hills, H, K., and Freeman, J. W, (19753) A new plasma
regime in the distant geomagnetic tail, Geophvs. Res. T.ett, 2:169,

19, Pilipp, W. G., and Morfill, G, (1978) The formation of the plasma sheet
resulting from plasma mantle dvnamics, .J. Geophvs, Res. 83:5670,

20, Sckopke, N,, Paschmann, G., TTaerendel, G., Sonnerup, R, U, 0O,, Bame,
S. J., Forbes, T. G,, Tones, Jr,, I, W,, and Russell, C, T, (1981
Structure of the low-latitude houndary laver, .J, Geophvs, Res, 86:2n000,

19




layer have trapped pitch-angle distributions. 21 Whether the low-latitude boundary

layer is maintained through a diffusive and/or an impulsive22 entry process is
currently a matter of debate., Sckopke et al, 20 estimate that a diffusion coefficient
of 109m2/ sec is required to maintain the observed low-latitude boundary layer,
Figure 6a shows the plasma boundary layer together with the low-latitude boundary
layer as forming a continuous envelope surrounding the hot plasma contained in the
central plasma sheet, The physical processes that connect the low-latitude bound-
ary layer and/or the mantle with the plasma boundary layer, and with the central
plasma sheet, are not known at this time, It is currently believed that discrete
arcs in the auroral oval map to the boundary rather than to the central plasma
sheet, Within the plasma sheet boundarv, rapidlv flowing plasmas are observed.
These flowing plasmas come from spatially limited acceleration regions called
"magnetospheric fireballs, 23 Whether the energization process in firehalls re-
sults from magnetic reconnection or some other process is still another open
question.,

3. THE PLASMNA SHEET

The earth’s plasma sheet is the highly dvnamical region of the earth's mag-
netosphere that acts as a depositorv for auroral particles, It is a region of closed
magnetic field lines. Before heing detected by the Soviet satellites T.una T and
T.unn 2, 24 somewhat strangelv, this important region of the magnetosphere was
not anticipated theoretically, F.quatorial and noon-midnight meridional projections

of the plasma sheet are given in Figures 8 and 9, respectively, Both proijections

21, Fastman, T, II,, and Hones, Jr,, F. W, (1979) Characteristics of the mag-
netospheric boundary laver and magnetopause laver as observed hv IMP 6,
J. Ceonhvs. Res, 81:2019,

22, l.emaire, J,, and Roth, M, (1978) Penetration of solar wind plasma elements
into the magnetosphere, .I. \tmos. Terr. Phvs, 10:331,

3, Frank, T.. \,, \ckerson, K. I.,, and T.epping, T.. P, (1978) On hot tenuous
plasmas, fireballs and boundarvy lavers in the earth's magnetotail,
T, Geophvs, Res, 81:5859,

24, Gringanz, K. L., Bezrukikh, V', V,, Ozerov, V. D,, and Ryvbehinskii, I, F,
(1961) \ study of the interplanetary ionized gas, high-enerov electrons, and
corpuscular radiationfrom the sun bv means of the three-electrode trap
for charged particles on the second Soviet cosmic rocket, Sov, Phvs, -Dokl,
5361, N

25, Vasvliunas, V. M. (1972) \Tagnetospheric Plasma, in Solar Terrestrial
Phvsies, 1, Dver, Fd., D. Reidel Co., Dordrecht, Holland, p, 192,

20




B A I N A Y
LI I R R I

Seeacsvevsecscscscacscsssacsen
®Sevesecsnresscesecs s
L N A A N I I RIS )

Ceessescscsstensnss s
®eecesesecsevtsscssoscene
sesesvssecssssns s
e®esessessssesctassoce

+— of Plasma Sheet

inner Bbundary ’

% s occcesssstsess s s
@®escsacescscs oo

Magnetopouse

\

L.

ses e,
®e v eseesse st

s eec e e e
secs s s s v

(Dawn)

po————

IO

g

N
To
Sun

Vela

a Sheet Flectrons in the F.quatorial I’lane.24

ng is roughly proportional to the density of plasma sheet

-V
Electron 2

here

®

-

74

6
S A

YyPlasm

Mars |

The Distribution of Plasm

The density of shadi
25

Figure 8.
particles

asmna Sheet Illectrons in the

The Distribution of Nightside, T1
26

\leridional Plane

Figure

I Y T T S S N S .

e o




r‘rvv’T'r‘\ To———
P - .

show that the plasma sheet extends for great distances in the 'XSM direction,

The plasma sheet has a distinct inner edge that varies as a function of local time
26, 27

’

ey

> and the level of geomagnetic activity. The dynamics of the inner edge of the
. plasma sheet are well understood theoretically and are discussed in Sec. 7.,2. The
equatorial thickness of this boundary is ~ 1 RE‘ and is marked by a cooling of

8 electron temperatures. Just tailward of this boundary, plasma sheet electrons

have an average energy of ~ ! keV, During periods of substorm injections, the
temperature of electrons may rise to~ 10 keV, Temperatures of plasma sheet
ions tend to be higher than those of electrons by a factor of 2 or more,

Figure 10 is a cross-sectional view of the magnetotail portion of the plasma
sheet, It has a minimum thickness in the mid-tail region, and flares to a maximum
thickness near the dawn and dusk flanks of the tail, At lunar distance (XSM = -60 RE)'

N
Be

// ~Plasma sheet

Northern lobe

B ®
~.
Magnetopause J\S Southern lobe

Figure 10, Cross-Sectional View of Magnetotail T.ooking Marthward

26, Vasyvliunas, V, VM, (1968) \ survey of low-energy electrons in the evening
sector of the magnetosphere with OGO-1 and OGO-3, |}, Geophvs, Res.
T3:2830, T T

27. PFrank, I, \, (1971) Relationship of the plasma sheet, ring current, trapping
boundary, and plasmapause near the magnetic equator and local midnight,
T. Geophys, Res, 76:2265,
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the tail radius is ~ 25 Rp.. The average half-thickness of the mid-tail plasma
sheet is ~ 3 RE' During the expansion phase of substorms, the thickness of the

plasma sheet in the tail decreases, and then expands during the recovery phase, 28

At lunar distance, the average density of the plasma sheet is ~ 0,1 cm-g. The
electron and proton temperatures are ~ 0, 25 and 2,5 keV, respectively.

The remainder of this subsection is concerned with the physical mechanisms
responsible for particle energization and precipitation in the plasma sheet. Fner-
gization processes are classified as either adiabatic or non-adiabhatic. Fxamples
of non-adiabatic energization are neutral sheet acceleration, 30 stochastic wave-
particle acceleration, and heating derived from magnetic field reconnection and
annihilation, Although these are undoubtedlv important sources of particle energyv,
we limit ourselves here to describing adiabatic energization in some detail, Par-
ticle precipitation is maintained or enhanced either by magnetic field-aligned elec-
tric fields (F ), or by pitch-angle diffusion, F is verv important for discrete
auroral arc formation, Pitch-angle diffusion reéults from wave-particle inter-
actions., Ilere we summarize brieflv the collective plasma modes responsihle for

these phenomena,

3.1 Adiabatic Motion in the Plasma Sheet

The adiabatic energization of plasma sheet particles involves the related con-
cepts of adiabatic invariance and guiding center motion. The general concept of
adiabatic invariance comes from classical HHamilton-Tacobi theor_v.21 If a svstem
executes a periodic motion in a force field (F) that changes slowlv in time with

respect to the period (T)

dF

R

e
=

28, TYlones, Jr., T'I. W,, \sbridge, J. R,, Bame, S, I,, Montgomery, \I, D,
and Singer, S. (1973) Substorm variations of the magnetotail plasmn sheet
from Ngy = -6 Ry to Ngny -60 Ry, JT. Geophvs, Res, T8:100,

29, Rich, F. J,, Reasoner, D. T.., and Burke, W, .J, (1973} Plasma <heet nt
lunar distance: Characteristics and interactions with the lunar surface,
TJ. Geophvs. Res, 78:8007,

30, Speiser, T, \W. (1967) Particle trajectories in maodel current sheets, TT:
\ppllcatlon to auroras using a geomagnetic tail model, 1, Geophvs, Res,
2:3919,

31, TerHaar, D. (1764) Flements of Flamiltonian \echanics, North TTolland Co,,
\msterdam, Ch, 0,




then the quantity
I= § p dq,

(where p and q are canonical momentum and coordinate variables) is a constant of
the motion known as an adiabatic invariant, Charged particles moving in the earth's
magnetic field may have as many as three periodicities due to their gyration, bounce,

and drift motions. The three adiabatic invariants associated with these periodicities
are:

(1) the magnetic moment

mv2
L

u =5 (8)

where v is the component of velocity perpendicular to the magnetic field,
{ (2) the longitudinal invariant

J=6p ds {9
where p and ds are momentum component and distance along B, and

{3) the flux invariant

‘I/=‘0'_\.-d

bty

(10)

where \ is the magnetic vector potential and dZ a distance element along a particle
darift trnjector\'.gz‘ 33 \lost plasma sheet particles either precipitate or follow
drift trajectories that intersect the magnetopause hefore thev can drift all the wav
around the earth, Thus, in the plasma sheet onlv the first and second invariants

are of interest, The third invariant is important for understanding the ring current

and radiation belts,

1 -
32, Northrop, T. G, (1963) The \diabatic \otion of Charged Particles, Tnter-
science, New Yorlk, (Ch, 3,
33, Rossi, B, and Olbert, S, (1070) Introduction to the Phyvsics of Space,
e \leGraw-=1Till, New York, Ch, 3,




At this point, it is useful to introduce the related concepts of pitch angle and
magnetic mirroring, The pitch angle (a) of a charged particle is defined as the
angle between its instantaneous velocity and the magnetic field

. a=cos"t(v - B/|V||B|) .

Magnetic mirroring results from the constancy of a particle's magnetic moment
' and total energy. The total energy of a non-relativistic particle of mass m and
charge q moving with a velocity v in combined magnetic and electric fields is

2

€=1/2mwv

. +uB+qd (11)

where ¢ is the electrical potential. The component of force exerted along Bis

-1 (12)
-q Is .

m3 ., 28
The second term on the right~hand side of Eq, (12) is due to field-aligned electric
field components that are discussed regarding auroral arc formation, The first
term on the right hand side of Eq. (12) is the magnetic mirror force, A particle

at the magnetic equator (s = 0) with pitch angle aeq can move earthward along B
until its pitch angle reaches 90° (vII =v cos a = 0), At this point, it is reflected hyv
the mirror force toward the magnetic equator. The strength of the magnetic field
at the mirror point is designated RT\T' The total kinetic energv of a particle at its
mirror point is 1/2mv? = uB,,. Since, in general, u = 1/2mv? (sin® 2)/ B, the mag-

™M
netic mirroring condition, in the absence of Er’ is often written
}

L2
sin“z = B/RM . (13}

The line integration for the longitudinal invariant proceeds from the magnetic equa-
tor to the mirror distance Snpe
The notion of guiding center motion is more general than that of adiabatic motion.
Under many circumstances, charged particle motions are well-approximated bv
superpositions of motions of guiding centers and gvrational motion about the guiding

center, For example, in a uniform magnetic field, the equation of motion

A o {19
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describes a particle that gyrates with a circular frequency 2 = gB/m about a field
line, and moves along the field line (its guiding center) with a constant velocity.
In the presence of an external force field T that is perpendicular to §, the equation
of motion
dv _ T, By 4B
mﬁ-q(va)+F (15)
can be reduced to the form of Eq. (14) by transforming to a coordinate system

moving with a drift velocity

Vp = 5 . (16)

In this frame of reference, the motion of the particle about i is purely gvrational,
The most important drifts within the magnetosphere are caused by electric

fields,

Vi = (16)

magnetic field gradients

. ufixcid
v - 2B Xr)vl (17)
G 2
aB
and magnetic field line curvature
2
. mv PR
o R x R
Ve T \ 5 (18)
R qB
2 -
_my T, x (3. )R\
\ qB /

where R is the magnetic field line radius-of-curvature vector, Yote that '\?C and
V. depend on both the particle's energyv and charge; \—:F. depends on neither, Protons
{electrons) gradient and curvature drift toward the west {east), In the nearly
dipolar part of the inner plasma sheet, \_:c and \ﬁ'(ﬁ are of comparahle magnitudes.
Due to sharp magnetic field line curvature across the neutral sheet \—"(, > \"c in

the peagmetotnil,
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\With the expressions for the adiabatic invariants [ Eqs, (8) and (9)], and guid-
ing center drifts | 1qs. (16), (17), and (18)7, we mayv understand: (1) the adiabatic
heating of magnetospheric plasma, (3) the existence of a ring current, and (3) the
position of the inner boundary of the plasma sheet,

RBoth the viscous interaction and the magnetic merging models require that
particles in the nightside plasma sheet be "adiabaticallv’ heated as they convect
earthward under the influence of a dawn-to-dusk electric field. In this motion,
each particle's magnetic moment 1/2 m V‘L:)/R is a constant, Consider a particle
mirroring in the equatorial plane, J =07 Eq, (9)], As it drifts from, sav, 30 Re
in the magnetotail where B~ 20 nT, to a distance of 6 RT-‘. where B~ 140 nT, its
kinetic energv must increase sevenfold, Particles with J # 0 gain kinetic energy,
not onlv from the conservation of 4, but also from the apparent motion of magnetic
mirror points (conservation of J), In moving from equatorial crossings of 30 RE
to 6 le' particles find themselves on shorter and shorter field lines, Since 9pk ds
must be a constant, p must increase as particles convect earthward.

I'rom the conscrvation of energv, it is seen that an increase in particle kinetic
cneemy must be due to a decrease in potential energv. The potential energy is

electrical, That is,
e g e (19)
vl IR ”‘<\I).I‘> ) 1t

The hrackets in g, (19) are used to represent time averaging over a gvroperiod,

and v , I the total drift velocity. Since \4'}, is perpendicular to ﬁ, onlv \7(, and

I N
Vo contribute, Hino.q"~1 has shown that the energyv gained bv "adiabaticallv com-

(

pre-siny o magnetospheric plasma is equivalent to the kinetic energv gained by

gradient and curvature drifting in the direction of an electrostatic potential gradient,
Guidine center motion is the simplest basis for understanding the earth's ring

current, The existence of a westward current encircling the earth can bhe inferred

direetlv from decreases in surface values of the horizontal component of the earth's

field during the mnin and recoveiry phases of magnetic storms. The general expres-

=<ion for current densityv is given bv a sum over plasma species

34, Mines, ¢, O, (1962) The energization of plasma in the magnetosphere: flvdro-
magnetic and particle drift approaches, Planet, Space Sci. 10:239,
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Assuming, for simplicity, that the ring current is made up of a single ion species
+ s s
(H ), then the current density is

ER = nq “71)1 - \7De) . (20)

Since \7E is independent of chgrge, orlly \70 and \7(, contribute to Eq. (20), Recall
that for protons (electr;ons), VG and VC are westwards (eastwards). In an equiva-
lent fluid description, jR is driven by magnetospheric pressure gradients. During
the main phases of magnetic storms and the expansion phases of substorms, parti-
cles are energized and injected into the inner magnetosphere by intense electric
fields. With the onset of recovery phases, the electric fields decrease in intensity
and/or are shielded from the inner magnetosphere. Injected particles find them-
selves on closed, stably trapped orbits in which they gradient and curvature drift
around the earth, During recovery, these particles are slowlv removed from the
ring current by precipitation, or by charge exchange with low-energv neutrals,

The position and shape of the inner edge of the plasma sheet is determined by
the drift motions of plasma sheet particles, {;T-‘. decomposes into drifts due to
"convective "’ (V&) and "corotational” (V2-) electric fields. In the following dis-
cussion, we use the svmbols I to represent the "convective' electric field im-
posed by the solar wind on the magnetosphere, and F. to represent the corotation
electric field. The direction of \—’.p,\ is eastward for all particles. For simplicity,
let us consider the drift motions of“charaed particles having pitch angles in the
equatorial plane of 90°, Conservation of energy [ Fq., (11)] immediatelv tells us
that cold (. =0) particles are constrained to T x B3 drift along equipotentials.
Particles with non-zero . drift along surfaces of constant (qd + 4 B),

In the magnetoiail, particles predominantly drift earthward under the influence
of a dawn-to-dusk F field, \s thev approach the earth, electrons acquire significant
eastward drifts due to both \"(: and \_:]:,.. Since both of these Arifts are eastward,
cold electrons, with \'(; = 0, drift closer to the earth before their eastward drifts

dominate over their earthward drifts, TFor this reason, outbound satellites en-

25

counter cold electrons before hot electrons at the plasma sheet's inner edge,’
The boundary hetween cold electrons that drift along equinotentials from the

tail and tho-e that corotate on closed trajectories is called the 7ern enerov

\fven Inver, or the inner houndary of the plasmna sheet, TUnrder steady eonvective

electric field conditions, cold electrons that drift in from the mnagnetotail, -vithont

cAa, Fivelam, M, o, Fave, S, AL, and Southwoaad, T, T, (1079 The nhysies of
plicsaa injection events, in Dvnarvics of the \agneto<phere, S, -7, \linzofn,
i, , DL Reidel Co,, Hingbam, Nassnechuszetts, n, 305,




precipitating, eventually cross the dayside magnetopause, Thus, the inner bound-
ary of the plasma sheet is the boundary hetween closed (corotation dominated) and
open (convection dominated) equipotentials,

Refore calculating the shape of the last closed equipotential, we note that for
protons, \TC and \_f.F,: are oppositely directed. This leads to more complex drift
paths for protons than electrons, Protons with u # 0 can drift earthward of the
zero-energy \lfven boundary in the evening local time sector, The different drift
paths of protons and electrons eventually lead to the buildup of polarization elec-
tric fields near the inner edge of the plasma sheet, The main effects of the polari~
zation field are to shield ﬁ(, from the inner magnetosphere, and to distort its dawn-
to-dusk orientation in the plasma sheet,

As a function of distance R, and local time 2, in the equatorial plane of the

magnetosphere, the form of the electric potential is

- B,R Eg Voo ,
o (R, 2) = e +CR sing {21)
where . = 7.3 x 1")"Ssec_1 is the angular spin velocity of the earth, C is a constant

to be determined, and vy is a parameter that reflects the level of electrical shielding.

The case v = 1 corresponds to a uniform, dawn-to-dusk TC(.. that completely nene-
trates the inner magnetosphere, Best empirical values of v are in the range of 2
to 3.36:37 The value of C is determined by noting that Ti~ is directed radially in-

ward, and I—‘fc is mostly in the YS\’I direction, In the dusk sector, ﬁ'*, and 1;.(.. are

oppositelv directed, Depending on the strength of ﬁ(" there is a stagnatinon point

along the 1800 1T (: = 3-/2) axis of symmetry where the two fields exactly cancel,

s (R, 3

2

. (22)

Substitution of Fq. (21) into Fq, (22) gives

SRR (23)

S

36, Ijiri, M., Hoffman, R, \,, and Smith, P, 1, (1978) The convection electric
field model for the magnetosphere based on Fxplorer 45 observations,
J. Geophys. Res, 83:4811,

37, Gussenhoven, M. S., Hardy, D. \., and Burke, W. J, (1981) DVISP/F2
electron ohservations of equatorward auroral boundaries and their rela-
tionship to magnetospheric electric fields, T, Geophvs, Res. 86:768,
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where we have made the substitution L, = R/R and L = RS/RF“ The common term
OB R is ~ 90 kV, The potential of the stag'natlon pomt is

3= -8 rrea/vikv (25)

¢ (Lo,
IJS

Since along the ¢ = 37/2 line Eq < (>) E: for . < (>) Lg, Eq. (25) gives the potential
of the zero-energy Alfven houndary. Ry setting the term in brackets on the right-
hand side of Kq, (24) equal to[ 1 + 1/\/], we arrive at tHe equation for the zero-
energy Alfven boundary in the equatorial plane as a function of distance from the

center of the earth (T,‘\) and loecal time

vl Ts
A sin » + (. +1)-T———-'«=O . (25)
‘S

Southwood and I\'z:«.ye'o’8 have shown that to an excellent approximation

°s

+r e ©n
ry - Igla )

. :-=/2 . ;
where S = | cos —“—-———2———“ * The solution is exact when v = 1, Figure 11 shows
that the shape of the last equipotential varies from an elongated teardrop for v = 1,

to a circle for v = », Note that Eqs. (26) or (27) onlv allow calculations of the
shape, but not the distance to the Alfven houndary. T. depends on F s which varies
with conditions in the solar wind, and with the level of magnetic activitv, It is
convenient to defer further comment on the \lfven boundary until we have discussed

its ionospherie projection, the equatorward boundarvy of diffuse auroral precipitation.

2 Piteh Angle Ditfusion of Plasma Sheel Particles

The final topic to he considered under the heading of general magnetospheric

processes is particle precipitation, To anticipate our discussion of the ionosphere,

38, Southwood, D, J,, and Kave, S, M. (1979) Drift houndary approximations
in simple magnetospheric convection models, .1, Geophvs, Res. B1:53773,
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IFigure 11, Shapes of T.ast Closed Fquipotential for Various Values of v’

we note that instrumentation on satellites passing through the diffuse auroral iono-
sphere measures fluxes of electrons and protons that are isotropic over the down-
coming hemisphere. The continuous precipitation of plasma sheet electrons and
protons into the auroral ionosphere cannot be explained in terms of the individual
particle model that we have been using. The problem is illustrated simply in
Figure 12, where we sketch sequential isocontours of particle distribution functions
in the magnetospheric equatorial plane., Figure 12a represents an isotropic popu-
lation at some initial time, Particles with 3eq 4 90° (v 4 0) move along field lines
toward their mirror points. If their mirror points are sufficientlv deep in the at-
mosphere, tvpically altitudes < 200 km, the particles are lost, Otherwise they

return to the magnetosphere, If we designate the strength of the magnetic field at

1
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an altitude of 200 km as B(200), then Eq. (13) shows that particles initially with
equatorial pitch angles

-1/2
Be

e
“eq G sin [_W%OT_J (28)

are lost after a few bounce periods. Such particles are said to be in the atmospheric
loss cone, For plasma sheet particles, oy is ~ 2°, Figure 12b shows the distribu-
tion after several bounce periods as made up of the initial population minus an empty

loss cone, Particle motion that conserves u and J allows no further loss,
Vi

@

Figure 12, Isocontours of Distribution Functions With (a) Isotropic and (b) T.oss
Cone Distributions

VII

Kennell and Petschekgg pointed out that above certain particle flux levels,
loss cone distribution functions such as shown in Figure 12b are unstable to the
growth of whistler waves. The waves grow in energy by causing particles to dif-
fuse into the loss cone. To produce strong pitch-angle diffusion, that is, maintain
isotropy over the loss cone, a resonant condition must be fulfilled, Resonant

scattering occurs for particles whose energy is equal to that of the magnetic energy
per particle

"

n . (29)

[

" Res

39. Kennel, C., F,, and Petschek, I, T, (1966) I.imit on stablv trapped particle
fluxes, J, Geophvs, Res. 71:1,




This model successfully explains flux limits observed for stably trapped ring cur-
rent particles, The requirement for resonant pitch-angle diffusion given in Eq. (29
was empirically verified by observations of the proton ring current from Explorer 45
during the magnetic storm of December 1971.40
. An examination of the resonance condition given in Eq. (29) shows that a whistler
mode instability cannot be responsible for strong pitch-angle scattering in the plasma

sheet. At geostationary altitude (6.7 R ) in the plasma sheet, B~ 100 nT and n ~

l/cm . This gives a magnetic field energy densitv in eV/cm of 2.5 B (nT) A

resonant energy of ~ 25 keV is well i excess of mean thermal energies for either
electrons or protons in the plasma sheet,
Realizing that whistler mode interactions could not explain the isotropic preci-

pitation of plasma sheet particles, investigators in the 1970s concentrated on sources

CENEN Sl NS EEN 4 8 iR . v
. -

of electrostatic wave energy. There are two important develerments from the decade

of which we take note. The first concerns direct observations of hroadband electro-

static noise all along magnetic field lines connecting the auroral ionosphere to the
equatorial plasma sheet.41 The amplitudes of observed waves are of sufficient
intensity to drive strong pitch-angle scattering. The second development concerns
the theoretical recognition of the role played bv cold plasma for making available
free energy contained in anisotropic pitch-angle distributions. Cold plasma, of
ionospheric origin, in the plasma sheet can produce velocity space gradients in the
total distribution functions (3 /3 v, > 0) that are unstable to the growth of (N + 1/2)
electron cyclotron waves,42 and lower hvbrid ion waves.“ Numerical studies show
that such waves are unstable over restricted ranges of parameter space, M\leasuring
low densitv, cold plasma embedded in a hot plasma sheet is experimentallx difficult,

\ successful measurement of the cold plasma component will be a critical require-

ment for future understanding of plasma sheet processes.

40, Williams, D, J,, and T.vons, 1., R, (1974) The proton ring current and its
interactions with the plasmapause: storm recoverv phase, T, Geophvs,
Res, 79:1105, T

e

-

41, CGurnett, D, \,, and Frank, T.. \, (1977 \ region of intense plasma wave
turbulence on auroral field lines, J, Geophvs, Res, 82:1071,

prp—

12, Young, T, S, T., Callen, T, D,, and \eCune, J, T1, (1973) High frequenes

k electrostatic waves in the magnetosphore, T, mnph\ <, Tm~. 1002,

{ 43, Ashour-\hdalla, V., and Thorne, R. \. (1978 Toward a unified vicw of
diffuse auroral precipitation, 7. (mnn‘ Ve Res, 8304755,
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4. ELECTRICAL COUPLING OF THE MAGNETOSPHERE AND IONOSPHERE

Before discussing the electrodynamics of the high-latitude ionosphere, it is use-
ful to review briefly the theory of magnetosphere-ionosphere coupling. Vasyliuna.s44
has developed a theoretical model that illustrates the physical laws describing how
magnetospheric convection couples with the ionosphere. The model is presented

in Figure 13 in the form of a closed loop of equations (straight lines), and of quanti-

ties to be determined (boxes). External sources of particles, cross-magnetospheric

DRIVING FIELD (OR CURRENT)

{

NAGNETOSPHERIC TONOSPRERIC
———
ELECTRIC FIELD GENERAL12ED ELECTRIC FIELD
OMN'S LAW
TONOSPHERIC
OHM'S LAW
FIELD-ALICNED
KINETIC
EQUATION CURRENT
CONTINUITY
OF CURRENT

; PERPEND I CULAR
PARTIULE PRESSURE e e———————————4

MOMENTUM CURRENT

BOUNDARY

CONSERVATION

SONURCE

Figure 13, Outline of Self-Consistent Calculation of \Magnetospheric Convection44

4, Vasvliunas, V, AL (1970) Mathematical models of magnetospheric convec-
tion and its coupling to the ionosphere, in Particles and Fields in the
Magnetosphere, B, A, MeCormace, L., D, Reidel Co,, Nordrecht,
Holland, p. 60,
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potentials, neutral winds in the ionosphere, and so forth, are imposed boundary
conditions, Because the loop of equations is self-consistently closed, it can be
entered at any point. Let us assume that we have an initial idea about the distri-
bution of magnetospheric electric fields and particles.

(a) First link: with knowledge of the electric field, we calculate the motion
and distribution of protons and electrons in the magnetosphere, and, hence, the
total plasma pressure at any point;

{(b) Second link: from the plasma pressure gradients we calculate the com-
ponents of the electric current perpendicular to the magnetic field. That is, from
the force balance equation

p=ix B (30
we calculate

i:_-’,xv-) . (31)

- he

IFor simplicity, we have assumed that the pressure is isotropic.
(¢) Third link: by calculating the divergence of the perpendicular current, and
averaging over each flux tube, we obtain (j ) the field-aligned currents flowing

between the magnetosphere and the ionosphere.

Soqduy = L v (32
— () 2

(1) Tourth link: from the requirement that these field-aligned currents be
closed by perpendicular ohmic currents in the ionosphere, we obtain the configura-
tion of the electric field in the ionosphere. The continuity of ionospheric current
requires that

Se =i siny (33)

where I is the height integrated current and x the inclination of magnetic field lines.

In the ionosphere

T=_ o(ii+7_ xD) (34)
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where . is the height integrated conductivity tensor and {in is the neutral wind
vol()cit_\_l.

{e) Fifth and final link: the ionospheric electric field can be mapped into the
magnetosphere, and the requirement that it agree with the magnetospheric electric
field assumed at the outset determines the field, and thus closes the system of
equations, Fxcept near discrete ares, the mapping may be done by assuming that
magnetic field lines are equipotentials, There is empirical evidence suggesting
2 functional relationship between i in discrete ares and field-aligned potential
(Irops,‘m \We note in passing that the Rice University group has successfully simu-
Tated the ionospheric features of n magnetospheric substorm using this mode1.46' 47

From Faqs. (33) and (31) it is clear that measurements of T and j are critical
for understanding the mametosphere-ionosphere circuit, \Measurements of precip-
itating particle fluxes are needed to (1) understand spatial variation in ©, (2) iden-
tifv the dominant earriers of i, (3) ealeulate field-aligned potential dr-n})s, and

(D) help distinguish between topologically different regions,

SOoOHGHEANTITUDE FLECTRIC FIELDS

lectrie fields ot ionospherie altitudes are measured from potential differences

o - —
hotween the vond < of exctended hooms on satoﬂitean anad from the 7~ B drifts of

i

cold plae o, In principle, i enan be determined from particle fluxes, With
peere ent teehnolos, full distribution functions of ions and eleectrons eannot be

Coesurced with oafficient acecuraen. For this reason, highlv sengitive triaxial

Voo Isvons, by By, Deans, DO S, qned Tunding R, (1979 An observed relation-

ship beteeon apaonetie field alioned electrie fields and downeard electron
coer o Thiene s in the vieinity of auroral forms, T, Geophvs, Res, 812157,

n, dhareel, N, L olf, RN, Reilf, P L, Spiro, R \W,, bBurke, W, T,
et v T e s i, VL (INRT) Quantitative sirnlation of 9 eameto-
Cesic o g, 1, oo o) Tode and averciew, T Geaphee, e 8609917,

TLoapel, 0L, I, L AL, Spiee, B, Reiff, DI, Durke, W, T,
o T, e s R A (1A 1) Quantitative <ivndation of 4 svwammetn-

mberie vb tape 20 conanarei son cvith obhcereations, T, Ceophyve, NMes,

N T

Vo, bt com s 0 1O0TY Theongs

of eleetrie field measurerment = econducted in
P coto phoee ccith et rie npobe s Staee Sei, Rev, 70200

e, o eny, N, i, o Heelis, RN, (1770 Teechniagues for mensurine bull gas
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fluxgate magne’tometersﬁ0 are used to determine j from magmetic deflections,
Particle fluxes, in approximately the energyv range 10 eV to 30 keV’, are measured
by means of continuous channel electron multipliers (channeltrons) placed behind
electrostatic energv-analvzers, 51
It is useful to explain the format of high-latitude data presented in the followinge
subsections by providing an example of the simplest kinds of electric fields and
magnetic field deflections expected to be measured by instrumentation on a polar-
orbiting satellite, Figure l4a shows the trajectorv of a satellite in circular polar
orbit with the ascending node at the dusk (1800 1.T) meridian, \We define a satellite
centered coordinate svstem; Qis positive along the satellite velocity; 2 is positive
toward local nadir; \A‘ completes the right-hand svstem, In the dawn-dusk meridian,
Y is positive in the antisunward direction, \t high latitudes in the northern (southern)
b--misphere, we approximate 3 as heing along the +(=) 7 axis. Figure 141 also shows
dusk-to-dawn electric fields in the auroral ovals, and uniform dawn-to-dusk eleetric
fields across the polar caps. The convective electric field reverses directions near
the poleward boundary of the auroral oval, and goes to zero at the equatorward
boundary.
Ohm's Taw D Ha, (2.0

The governing equations are current continuity [ lq. (33)7,

and the Vlaxwell eauation

In the infinite current sheet approxination, these caquations »av he corhined fo

eliminate i, and reduce tao

~ T n - . 1. =n 20

whepe - "»\ is the deflectinn of the racnetie field lue to 1, and n is the heioht-

. . . LI . ) .
integrated Pedersen conductivity, Fueent near Tocal noon at the dnvside cnsp,

-y

and near loecal midnisht at the Harang discontinuite where there are <imificnant

S0, Areistrong, T, and Zreuda, VLT, (1972 Triaxial scagmetie sceasuprenents of
field alicned current= at 200 1 in the qurapal re don: initiad results,
T, Geophvs, Res, THAAN2,

31, PFrank, T, A\, (1937) Initial observations of low-enerov electrans in the earth's
mametosphere with OGO=3 7, Geophvs, Res, 72:1075,

32, Seiieddy, AL, Duorke, W, T, Kellew, VI, ¢, Saflekos, N,, Gussenhoven,
Al S., Hardy, D, \,, and Rich, F, .J, (1980) Iiffects of Wigh 1o 0 o
ductivity on obhserved ennvection electric fieldz and Dirkeland currents,
J, Geophvs, Rez, 85:A811,
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Figure 14. (a) Field-\ligned Currents and Flectric Fields as Seen by a Polar-
Orbiting Satellite in the Dawn-Dusk \leridian. (h) Idealized Ilectric Field and
\lagnetic Perturbation Measurements

~na
¥

Oy . . .
divergences of the ionospheric 11all current, Flq. (3R) is a verv useful approxi-
mation, It tells us that for a uniformlyv conducting ionosphere, fluctuations in the
transverse magnetic field component should track variations in the meridional com-

ponent of the electric field, Deviations from correlated variations are due to the

53. Rostoker, (i, (1980) \lagnetospheric and ionospheric currents in the polar
cap and their dependence on the I3y component of the interplanetary mag-
netic field, T, Cleophvs. Res, 83:1167.

38

T W




Y Y

Y

A e |

presence of conductivity gradients., Figure 14b is a plot of EX and ABY expected
over a full orbit assuming a uniform ionospheric conductivity, Positive (negative)
slopes in ARY correspond to regions of current into (out of) the ionosphere. Thus,
due to the divergence of ionospheric Pedersen currents, a field-aligned current
(FAC) should flow into the ionosphere at the equatorward bhoundary of the dusk-side
oval and out at the poleward boundary. The morning side oval currents have the
opposite polarity, If there are significant Pedersen currents across the polar cap,
the poleward FAC system should be of greater intensity than the equatorward system,
In the following subsections, _\R\ is given as a function of time rather than dis-
tance., Since satellites at ionospheric altitudes travel at speeds of ~ 7 km/ sec,

Eq. (35) can be transformed to give a convenient expression for j

2 B (nT)

Poaly o * Dy 371
(=5 =013 sy -

m

~ a 2
\ current of 1 __>) corresponds to a locally unbalanced flux of ~ 10" /em™ sec.
m=

I'inally, in both the polar cap and the aurcoral oval we refer to small- and
large-scale structures. Small-scale structures have latitudinal dimensions of a
few tens of kilometers or less, Thev are traversed by satellites in a few seconds,
Discrete arcs and inverted-\Us are examples of small-scale structures, T.arge-
scale systems have latitudinal dimensions greater than 100 km, The T field and

field-aligned current svstems shown in Figure 14bh are of Targe scale,

6. PO A CAP ELECTRODY NAMICS

This section treats three topics: (1) large-scale electric field patterns,
(2 electron precipitation morphologies, and (3) characteristics of discrete,
suri=aligned arcs in the polar cap. flere we use the term ''polar cap’ to
desivnate the portion of the high-latitude icnosphere containing only open mag-
netic field lines,  Precipitating particles n these field lines should he of
direct magneto-heath origin,  txcept possiliv during periods of northward
interplanetary muagnetic field, cold jonospher,: plusma should convect in the

antisunward direction under the influence of 7 dawn-to-dusk electric field,

an
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6.1 Larze-Scale Electric Field Patterns

S

< Table 1 lists the six polar orbiting satellites launched to date that were capa-~
ble of measuring ionospheric electric fields, Data from the double-probe experiment

b Table 1, Satellites Capable of Measuring Electric Fields

INITIAL TYPE
SATELLITE LAUNCH DATE INCLINATION APOGEE (km) INSTRUMENT
Injun 5 Aug 1968 81° 2550 double
probe
0G0-6 June 1969 g2° 1600 double
probe
AE-C Dec 1973 68° 4000 drift
meter
AE-D Oct 1975 90° 4000 drift
meter
§3-2 Dec 1975 96° 1550 double
probe
53-3 Aug 1976 9g° 8050 double
probe

on Iniun 5 confirmed the existence of convective reversals near the poleward hound-
iries of the auroral oval. \n inclination of 68° allowed the \tmospheric Fxplorer
(A1 -C driftmeter to measure convective drifts in the oval, but usually r'» in the
nolar cap, The V=D satellite had an iv:-lination of 90°, but failed about four months
after Taunch,  Initiallv, the orbit was close to the noon-midnight meridian; it
‘hen prece-s<ed townrd dawn=dusk, Because of the high altitude of S3-3, its apogee
data hove been most useful for ider: fring the small-scale features of auroral arc
2t inverted -V phenomena, The OGO=-6 and S3-2 satellites spent sufficient periods
of rive near the dawn-dusk meridian to identifv the main large=scale features of
polapr-cap convection,

oo esnarnle s of I'y; measured by OGO=-6 at northern (summer) high 1atitudes
cre miven in igure 15, Pxcept for small-seale variations, the main features of

+

the expected 1 patterns are found in the auroral oval, The example in the top
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FFigure 15, Two Fxaniples of Targe-Scale Flectric Fields Measured by OGO-6

trace is consistent with a uniform dawn-to-dusk electric field across the polar cap.
In the hottom trace, F.. has relativelv high (Tow) values near the morning (evening)
flank of the nolar cap, .
vosimplified stimmary of large-seale electric field patterns identified by
!Iwnpnm‘” i given in {icure 16,
Cepe Ao Daiform 1L across polar eap,  These were observed by OGO-6
ondy inthe northern (sumper) polar eap,
Do B strens bl nenr the morning (evening) flank of the northern
foonttorn) nolar can,
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Figure 16, Types of Flectric Field Patterns Observed by OGO~6, and Their
Dependence on the Interplanetary NMagnetic Field R\. and R,‘

During the last three months of 1976, the S3-2 orbit was close to the dawn-dusk
meridian, Fieure 17 is a scatter plot of Heppner's patterns observed in S3-2 data
as a function of TATH 3 and H\.. It is seen that \ and B types are found only when
By 0, For both OGO-6 and S3-2, \ tvpes are onlv found in the summer hemi-
sphere, and are associated with the INVF polarity that tends to produce strong F.
fields along the evening flank of the polar cap. The occurrence ratio of \ to B
was 2:1 in S3-2 data; the \ to D ratio was 3:1 in .Tune 1969, OGO-6 data, The
dependence of 1) tvpes on - (upper right plot) agrees with OGO-6, The type F
patterns were found when H\. ~ N, The distribution of 13, D, and F patterns tends
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. ces 55
to confirm the critical role of H\.. \ survev of S3-2 measurements shows that

\, B, D, and F types are found when RZ < 0,5nT, Tvpe T shows no correlation
with Ry or l}\ The highlv irregular electric fields are found onlv when P’7, ~n,
Tvpe I patterns are discussed further in connection with polar-cap arcs,

\n example of an 'I-field pattern that was found in approximatelx half of the

summar polar-cap passes of S3-2, when I3, + 0.7 nT, is shown in Figure 12,

g

During the $3-2 Rev 3215 southern high-latitude pass 3., was measured ns 4,9 nT,

\s expected for driving sunward convection in the aureral oval, 1. wns directed

55, Friis-Christensen, ., T.assen, K., Willielm, T,, Wilcox, I, I,
Gionzalez, \W,, and Colburn, D, S, (1972) Critienal component of the inter-
planetaryv magnetic field responsible for large zeomagnetic events,

T, Geophvs, Res, 7713371,

36, Burke, W, T., Kellev, Wi, (",, Sacalvn, R, C,, Smiddyv, \,, and Tai, S, T,
(1770) Polar cap electric field structure with a northward interplanetary
magnetic field, Geophvs, Res, Tett, 6:27,
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Figure 18, I'xample of Sunward Convection and a Dusk=-to-Dawn Tlectric Field in
the Central Polar Cap During a Period of Northern INF, The dawn and dusk sides
of the auroral zone {\,7.) are indicated. Ionospheric plasma flow vectors are
indicated in the hottom panel by arrows

from dusk to dawn, \t the poleward boundary of the oval, I".‘ reversed polarity,
becoming dawn-to-dusk near the morning and evening flanks of the polar cap.

Within the central polar cap, l".‘ was directed from dusk to dawn, Sunward con-
vection in the central polar onﬁ is inconsistent with a viscous interaction model,
It s tacoretieally anticated s o consequence ol 1the magnetic noerging moddel

. Ry . , . .
by Rl aell, Surctard convection in the sunimer polar cap daring periods of

. Russell, .1, (1072) The conficuration of the magnetosphere, in Critical
Problems of AMagnetospheric Phyvsics, 1, R, Dver, tid,, National \eademy
of Seience, Washington, D, ., p. T,




northward B, is consistent with ground ma.gnetometer"8 and laboratory simula-

59 results,

tion
The eross-polar-cap potential 2¢ c can be derived from satellite electric field
measurements, and is an important parameter for magnetospheric modeling. This
potential (in volts) gives the rate (in webers/sec) that magnetic flux is transferred
from the day to the night side of the magnetosphere. Based on two weeks of OGO-6
data, HeppnerGO found that the average Atbpc increased from 20 to 100 kV as the
magnetic index Kp increased from 0 to 6. There were individual cases in which
: ¢pc significantlﬂy; exceeded 100 kV,
Reiff et al,  analyzed 32 measurements of N’pc from AE-C and AE-D as a
function of various solar wind and IMF parameters. To calculate merging rates
that account for compression of the IMF in the magnetosheath, the value of B at
the magnetopause was set at the lesser of 8 times its solar wind value, or 60 nT.
The latter value was taken as typical of the earth's field near the subsolar magneto-
pause, Although the hest agreement was found with theoretical merging rates, a
high correlation was found with r\kasofu'sﬁzc parameter. Figure 19 shows that in
the Al measurements fq’pc varied from 30 to 150 kV, This implies that 30 kV
cannot be accounted for by merging. Such a potential greatly exceeds the potential
across the boundaryv laver theoretically estimated by Hill, 63 and measured at iono-
spheric altitudes by Smiddy et al. 52 The upper limit of ~ 150 kV is much less than

the cross-magnetosphere potential drop (° <I>§“_) in the solar wind. With VS = 400

km/sec, and B, = -5nT, the Y component of the electric field in the solar wind is
2mV/m (=12,8 k\'/R[.). For a magnetospheric diameter of 30 Ry, at the dawn-dusk
meridian, ($ =384 LV,

S

58. 2\laezawa, K. (1976) \Magnetospheric convection induced by the positive and
negative 7 components of the interplanetarv magnetic field: quantitative
analysis using polar cap magnetic records, J, Geophys, Res., 81:2289,

59. Podgorny, I, M,, Dubinin, FI, \l., and Potanin, Yu., N, (1978) The magnetic
field on the magnetospheric boundary from lahoratory simulation data,
Geophys, Res, Tett, 1:207,

0, Heppner, J, P, (1977) Fmpirical models of high-latitude electric fields,
J. Geophvs., Res, 82:1115,

6i. Reiff, P, Il., Spiro, R. W,, and Hill, T. W, (1981) Dependence of polar-cap
potential drop on interplanetarv parameters, 1, Geophvs. Res, 86:7639,

62, \kasofu, S, -I. {1978) Interplanetarv energy flux associated with magneto-
spheric substorms, Planet, Space Sci, 27:425,

63. Hill, T. W, (1979) Generation of the magnetospheric electric field, in
Quantitative Vodelling of Magnetospheriec Processes, \W, P, Olson, Fd.,
\GU Alonograph 21, Washington, D. C,, p. 297,
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Figure 19. Cross-Polar-Cap Potential as a Function of Solar Wind Parameter ¢ 1

6.2 Polar Cap Precipitation

Particle fluxes into the polar ionosphere are conveniently divided into high and
low energy components. llnergetic particles from solar flares can seriously dis-
rupt the polar ionosphere; these are important during magnetic storm pericds. The
flux levels of low-energy protons in the polar cap are below the sensitivity levels of
existing detectors. Winningham and Heikkﬂan'1 identified three classes of low-
energy electron precipitation: polar rain, polar showers, and polar squalls,

Polar rain is a relatively uniform type of precipitation that can fill the entire
polar cap. PParticles have mean thermal energies of ~ 100 eV, and are isotropicallv
distributed outside the atmospheric loss cone. The energy fluxes carried bv these
particles range from 10~2 to 10-3 emz/cm2 sec, two to three orders of magnitude

less than typical auroral energy fluxes., The highest energv fluxes for polar rain

1. Winningham, J. D., and Heikiiia, V. T, 11974) Polar cap auroral electron
fluxes obgerved with Tsis 1, T, Geophvs, Res, 79:049,
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occur during periods of geomagnetic activity, 65 Figure 20 is a plot of precipitating
electron spectra, measured in the dayside cusp and in the polar rain. The simi-
larity in spectral shape suggests that polar rain particles are of direct magneto-
sheath origin. Particle fluxes measured in the lobes of the magnetotail indicate
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Figure 20, Tvpical Differential Spectra for the Polar Rain and Cleft Precipitation
Observed on Orbit 1176 on 15 May 1969

65, \leng, C, -I,, and Kroel, T, W, (1977) Intense uniform precipitation of low-
encrgy electrons over the polar cap, J. Geophys. Res, 83:2305,
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that polar rain electrons enter the magnetosphere at a great distance downstream
from the earth, The efficiency of the entry process is modulated by the polarity
of the IMF, Yaeger and Frankaﬂ found that fluxes of soft electrons in the northern
lobe of the tail increased by more than an order of magnitude when the IMF was in
an away (R\. < 0) sector. There is also evidence suggesting a R\ influence. Meng
et al. 67 foﬁnd that the intensity of polar rain fluxes is strongest near the flank of
the polar cap along which convection is strongest,

Polar showers are characterized by locally enhanced fluxes of precipitating
electrons with mean energies of ~ 1 keV, These electron structures are embedded
in broader regions of polar rain. Thev are thoucht to be responsible for sun-
aligned arcs in the polar cap, and are discussed further under that heading.

Polar squalls are described by Winningham and HeikkilarH as localized, intense
fluxes of electrons that have undergone field-aligned accelerations of several kV,
They are found in the polar cap during geomagnetic storms. Foster and

Bur‘r‘owsG 8,69

have reported observing fluxes of electrons into the polar cap that

are s} trally identical to those found in polar squalls, These fluxes, however,
were observed to be widelv and uniformly distributed over the polar cap. T.ike
squall particles, thev were observed during the recoverv phases of magnetic storms,
These fluxes also appear to be modulated by the polarity of the INMF, \While intense
fluxes of kel electrons were measured in the northern polar cap, onlv polar rain
was detected in the southern hemisphere. Figure 21 is a plot of particle fluxes
measured in the polar rain and extended squalls by ISIS 2, and nearly simultaneous
measurements of electron fluxes in the magnetosheath and the tail lobe from VET.\ 7,
Foster and Hurm\\'sﬁg argue from the near isotropv of the ke\” particles in the polar
cap, and tnre absence of kel electrons in the magnetosheath, that the electrons were
accelerated along magnetic field lines at a sreat distance from the earth in the

magnetosphere,

6. Yacger, D, \,, and Frank, T, \. (1776} T.ow=~enerov electron intensities nt
large distances over the earth's polar cap, T, Geophvs, Res, #1:396n4,

7. Neng, C, -1,, \kasofu, S, -1,, and \nderson, K, \, (1977) Dawn-dushk gradi-
ent of the precipitation of low=-eneregv electronz over the polar cap and its
relation to the internlanetary macnetic field, T, Ceonhys, Res, 83:3271,

Aty Poster, T, €L, and Burrows, J, R, (1776) ectron fluxes oveor the polar
cap 1, intense ke\” fluxes during poststorm quieting, T, Cenphvs, Res,
wl:nn1n, T T

A9, Foster, T, ¢, and Burrows, J, R, (1777) I'lectron fluxes over the polar
cap -, electron trapping and energization on open field lines, T, Geophvs,
Res, 825105, BRESERETRAS ReS
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Figure 21, Differential I"lectron Fnergv Spectra \leasured in the Polar Cap (Solid
Curves), and in the Tail T.obe and the \lagnetosheath (Dashed Curves)., The magmeto-
sheath measurement was made at ~ 13 h on 9 \arch, the tail lobe measurement at

~ 9 hon 11 VMarch, the polar cap measurement at ~ 16 h on 10 \arch, and the polar
rain measurement at ~ 11 h on 2 Alarch. The polar cap spectra displav a more or
less pronounced high-eneregv tail relative to the mapgnetosheath27

0.3 Polar Cap \res

Investigations of discrete arces in the polar cap have shown that polar cap ares
tend to be =un-aligned, nand are most frequentlyv observed during periods of mametic
© s N 70 .
quieting, when the INE has o northward component, Visible ares are caused hy

precipitating electrons with energies of < 2 keV, \nother class of subvisual ares

70, TIsmail, S,, Wallis, D, D,, and Cogger, T.. T., (1977) Characteristics of
polar sun-aligned ares, J, Geophvs, Res, 82:41741,

19




Y

[ Nt QU 0N SEA SR S0B sau amue, Y

4

7

)

Ty

a

1

—_—

S A o o sme L G ma oub 4 b a4 0 o0 e . anan .

P—

are produced at F-layer altitudes by electrons with energies of a few hundred e\'.’71

Here we illustrate many of the known characteristics of polar-cap arcs using data
from the USAT satellites S3-2 and DMSP (Defense Meteorological Satellite Program).
\t the times of interest, hoth satellites were in orbits close to the dawn-dusk meri-
dian, S3-2 measured FIX. ;P‘Y (described above), and fluxes of electrons with ener-
gies between 50 eV and 17 keV, DMSP satellites are three-axis stahilized, and are
in circular, sun-synchronous orbit at an altitude of 840 km, All DMSP satellites
are equipped with scanning, optical imagers.72 Some, but not all, are also equip-
ped with spectrometers that look toward local zenith, and measure fluxes of elec-
trons with energies between 50 eV and 20 keV,

Figure 22 is a cartoon that represents, in magnetic latitude and local time,
composites of visible imagery from DMSP/F1 and DMISP/T2 taken over the northern
hemisphere during a period of magnetic quieting on 12 December 1177, Solid,
straight lines give the portions of T2 trajectories during which electron data were
taken, To the right of each cartoon, the hourly average values of T\T R\ anel P’Z

are represcnted, During the initial period of southward 13, the polar cap was

’
clear of visible emissions, and onlyv uniform, polar rain ﬂ?;xes’ were detected,
\pproximatelyv one hour after the INT furned northward, sun-aligned arcs were
found in the nolar cap., Polar ecap ares persisted until the TNIT again turned south-
'.'.':n‘rl.( \n hour after a second northwared turning of P'7.’ arcs returned to the polar

c:xp.’“ The sun-aligned arcs were embedded in a region of high-density (~ 0,1 cm-g

)
polar rain, Within the arce, the up-looking DVIST spectrometer detecterd three spec-
tral components, a cold (100 eV) high-densitv (1,5 cm-"") population, a peaked pri-
mary distribution with a temperature of 330 eV that had been accelerated through a
potential drop of ~ 730 volts, and a secondary and/or degraderd primary population,
Burch et rﬂ.7 ! found that the low-energv component was highly field-aligned over
polar showers, The secondary and nccelerated primary populations were nearlv
isotropic in pitch ancdle,

o
IMigure 23 gives a plot of I‘.\., 'H\., the directional flux of electrons fem™ sece

-1 . . . - :
ster) 0, and electron piteh angles measured during S2-2 Rev 5231 ax functions of

T1. Weber, 15, 0,, and Buchau, J. (1951) Polar cap T'-Iaver auroras, Geophvs,
Res, lett, 8:125,

72, lather, R, M, {1979) DMISP calibration, J, Geophvs, Res, 81:1134,

7. Hardy, D, \,, Burke, \W, .T,, and Gussenhoven, \I, S, (1981} DVIST optieal
and electron measurements in the vicinity of polar cap ares, T, Geophvs,
Re=<, #87:2.1173, - o
71, Burch, T, T.,, Fields, S, \,, and Heelis, R, \, (1979 Tnlar cap electron
acceleration resions, T, Geophvs, Res, 81:508R3,
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Figure 22, Cartoon Representation of Sequential DMSP ITigh-T.atitude Tmagery on
12 December 1977

invariant latitude, magnetic local time, and altitude. The pass occurred while the
satellite was near apogee over the north polar cap where it passed within 1° of the
magnetic pole along the dawn-dusk meridian., The IMF X, Y, and 7. components
were -3,7, 3.8, and 7,4 nT, respectivelv., A\s compared with the idealized meas-
urements of Figure 14b, FX' and & R\' were highlv irregular. Recall that in the
northern hemisphere, I'I\. positive corresponds to sunward convection; i is out of
the ionosphere in regions where ¢ H\. has a negative slope, Fight regions of nega-
tive slope in ,;H\. accompanied by enhanced electron fluxes are noted in Figure 23,
As evidenced by their being embedded in polar rain, Fvents 3 throurh 7 lie in the

polar cap.
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Ficure 23, The Dawn-to-Dusk Flectric Field Component, and the Transverse
Magnetic FField Deflection (Tleavy T.ine, Top Panel). The directional electron
flux and pitch angles (bottom panel), Data were taken over the winter polar cap
with NI H7 northward

-
I'vent 6 has been analvzed in detail by Burke et al, 75 It was shown that the

5
field-aligned current out of the ionosphere had an intensitv of 2.8 u\/m~, and was

carried by electrons with a temperature of 200 eV that had been accelerated through

a potential drop of ~ 1 kV, .\ nearly isotropic pitch angle distribution of electrons

across llvent 6 suggests a field-aligned potential drop extending for large distances

— 2
along BB, The measured electron energy fluxes of 2,5 +0,5 ergs/em™ sec ster

were sufficient to produce a visible arc, Figure 24 gives an idealized, two-

dimensional projection of the electric fields and currents associated with Tvent 4,

75. Burke, W, .T,, CGussenhoven, M. S,, Kellev, M, C,, Hardy, D. \,, and
Rich, F, I, (1982) Flectric and magnetic field characteristics of discrete
arcs in the polar cap, .J. Geophvs, Res. 87:2431,
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76,77

A=~ predicted by T.vons, the arc is in a region of negative electric field

divergence,

7. ALRORAL OVAL ELECTRODYNAMICS

'he auroral oval is a region of closed magnetic field lines mapping through the
plasma sheet., lonospheric plasma convection should be mostly in the sunward
direction, Near local midnight (noon) strong equatorward (poleward) convection
components are expected,

The stock-in-trade vocabulary of a contemporary auroral physicist is replete
with terms such ax “inverted-Vs, " "double-lavers, ' "diffuse aurora,” "heams and
conics,  ete, These terms describe distinet auroral processes first reported in
the 1.0705.7"" These new phenomena defv adequate summation in this section, [flere
we consider thtee main topics (1) global auroral morphology, (2) phenomena asso-
ciated with inverted-\" events, and (3) substorms. Under the heading of slobal
morphology, we treat the svstematics of large-scale, field-aligned current svstems,

and the equatorward boundary of diffuse auroral precipitation,

7.1 Global Field Atizned CGuerents

he averave, dglobal field-aligned current (I7\C) system for periods of high
and Tow mmaonetiec activity is shown in Figure 13, Tiitirin and T’ntpr.w‘raTO define
Revion 1(2) a5 a recion of FAC near the polewnrd fequatorward) portion of the
Anroral oval,  In the evening seetor, current flows into the ionnsnhere in Region 2,
el our in RNeston 1, The nolarite of eurrent flow i reversed in the morning see-
toe, Phe intenitico< of the oo enrrent= {« of arder 1 \/p“). Currents out of the
Cone sohe e e eareied senstly by preeipitatinet cloetrons, Tt is helieved that enld

clectron- rovins froc thoe jonosphere to the noarpetosphore carryv the curront inte

Th. Dvona, T e ooy Coneratioge of Thpoe-ceate podions of aurcoral currents,
clectrie potentiale, and peeeinitation by the divergence of the convection
clectpie fiold, T Geanbhe ) Re o B5:17

TT. Taons, Lo Ry 090D Disercte mrar - the diveet pesnlt of aninforre T hieh-
ititude senerating potentint oo tion 10 Cieophy - Tlea, 8611,

TOL Moo, Poosg, e o A T e Mt beanl ) RO T, Terering A,
and Porbert, B, (100 Ste D e aneeraent < ol theories of Tow alti-
ticle auropral particle ceeles aian, Spoee sei, Rev, 155,

Tooo D L b Broreos ey, U 0TV T e - oo ehvrea et ciztie s field
i Desrseeeyt oy Lneiator b it ot roen TooGeanbye s, oo, 8500,
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the ionosphere. Klllmpar‘80 found that the equatorward houndary of Region 2 is co-
terminus with diffuse auroral electron precipitation in the post-midnight sector. In
the evening sector, Region 2 extends ~ 2° equatorward of the electron precipitation
houndary,

Near local midnight and noon, large-scale FACs are their most complex,

I'igure 25 shows that near midnight the morning-side Region 1 current overlaps

A . 100 . |ALI > 100 3

e .8
14 . 6
20° 4
( rcpet Bty anegprere 0
(& o Cottent avay b wrosphere (b}

F'icure 25, % Summary of the Distribution and Flow Directions of T.arge-Scale
Field-A\Tigned Currents Determined From (a) Data Obtained From 439 Passes of
Triad During \Weakiy Disturbed Conditions, aned (b) Data Obtained Trom 366 Triad
I"1=ss0x During \etive Periods

the evening-=side Region 1, No simultanecous electris field and magnetic field meas-
urements have been reported vet from this region, Tt is expected, however, that
the morpholooy of these FFACs can be understood in terms of latitudinal variations
of the electrie field just prior to Toeal midnight, \Tn_vnarrlm showed that in the late
evening sector, the large-scale convective electric field is directed poleward in the
cquntorward part of the oval, It rotates through west across the arang discontinu-
itv, to equatorward in the poleward part of the oval, Pedersen currents driven in
a0, Klumpar, D, AL (107 Relationships between auroral narticle distributions

and magnetic field perturbations assaeciated with field alioned currents,
Jo Geophvs, Res, BE6524,

21, Mavnard, N, O, (1079 Hlectrie fiold »on apements acrass the Harang dis-
continuity, I, Ceaphvs, Res, 7901000,
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the ionosphere converge from both sides on the Harang discontinuity, To maintain
an overall divergence-free curi »nt system, current must flow into the ionosphere
at both the equatorward and poleward boundaries of the oval, and out of the iono-
sphere near the Tfarang discontinuity. These are the essential features found near
midnight in Figure 25,

In the vicinity of the dayside cusp, an extra FAC system has heen observed

poleward of Region 1. Its polarity is opposite to that of the nearby Region 1 current,

In the northern (southern) hemisphere it appears only on the afternoon (morning)
side of noon when IMF RY < 0, and only on the morning (afternoon) side when IMF
BY >0, a2 Simultaneous electric and magnetic field measurements from the USAF
satellite S3-2, in the region of the dayside cusp, suggest that the extra FAC system
lies entirely on open, newly merged magnetic field lines that are being dragged
toward the dusk or dawn flank of the polar cap. 83

7.2 The Equatorward Boundary of the Auroral Oval

In the previous section it was pointed out that the inner edge of the plasma
sheet, or zero-energy \lfven houndarv, maps to the equatorward boundary of dif-
fuse auroral precipitation, \More than four thousand crossings of this boundary
have been analvzed using data from an upward-looking electron spectrometer on
the polar-orbiting TSAF satellites DMSP/F2 and DMSP/F4, The corrected geo-

magcnetie latitudes of the boundaries (A ) were studied as functions of magnetic

C G
Toeal time (ML) and Kp, Kpis a 3 h index of miagnetic activity compiled from

a worldwide network of mid-latitude magnetometer stations, Results of linear

correlation analvses

TGN e

B2 MeDiaeaid, Y,obn, Borrows, I, R., and Wilson, \1, D, (197 T.arge-scale
novmetie T 1 I perturbations and particle measurements at 1400 km on the
!l !rlv* T, toeonhe <, T, 81:1151,

DU Dl 0, Riet, L 0, Barke, W, and Smiddy, AT, (1981) Field-
dJimed cnrrent - andd eleetrie fields in the region of the davside cusp,
Voot L 1k L 805854,
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from available NI.T sectors, are given in Tables 2 and 3 along with correlation

coefficients, Using the magnetic field model of Fairfield and Mead, 84 the auroral

boundaries were projected to the magnetospheric equatorial plane, Figure 26 is a

plot of projected boundary positions (open circles), in comparison with predictions
of the Volland-Stern electric field model36 (solid line) and the injection boundarv of

Aauk and Mcl’lwain85 (dashed lines). Best fits are obtained for a shaping factor v =2,

Table 2, Regression Coefficients for Auroral Boundaries in the Morning Sector
North South
MLT \O G N cC '\0 [ N cC
0400-0500 67.4 -1.35 171 -0.58
0500-0600 67.8 -1.87 365 -0.75
0600-0700 68.5 -1.96 403 -0.82 67.4 -1.67 376 -0.74
0700-0800 70.2 -2.15 367 -0.83 68.3 -1.97 411 -0.81
08C0-0900 68.7 -1.88 302 -0.72
0600-1000 69.1 -1.64 217 -0.67
Tabhle 3, Regression Coefficients for \uroral Boundaries in the Fvening Sector
North South
MLT \0 a N cC Ao a N cc
1600-1700 71.3 -1.19 107 -0.65
i700-1600 70.7 -1.20 256 -0.69
1600-1900 71.6 -2.00 103 -0.90 70.6 -1.60 327 -0.80
1900-2000 71.2 -1.96 426 -0.89 70.0 -1.82 447 -0.87
2000-2100 69.4 -1.85 452 -0.82 69.5 -1.89 345 -0.84
2100-2200 6.7 -1.66 556 -0.83
£700-2300 68.3 -1.79 184 -0.63

84, Iairfield, D, Il., and \lead, G. D, (1975) \Tagnetospheric mapping with a
quantitative ceomagnetic field model, T, Geophvs., Res, 80:535,

#53, Alauk, R, [t,, and \lellwain, C, T, (1974) Correlations of Kp with substorm
injected plasma boundary, J, Geophvs, Res, 79:3193,
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Figure 26. Volland-Stern Injection Boundaries for -« = 2 and + = 3, Rotated to Fit
the Inner lidge of the IMlasma Sheet as Determined by the DVISP/F2 \uroral Bounda-
ries, for Various Kp., The \lauk-\cllwain®® injection boundary is also shown
(dashed line)

Note that the stasnation points are offset from the dusk meridian, The offset angle
,varies from 237 townrd evening for Kp = 0, to 153° toward afternoon for Kp = 3,

The potential distribution in the equatorial plane " Ilq. (2.0 takes the form

) 2, . 1 - R
d (1, )= DRy — sin {0 - - ) -7 (7

4+ o

Foar . =2 the term 1/- (T\.- 1y s empirieallv related to kKn

e = (1A 2, ) s n

with A enrrelation coefficient of 0,97, Thus,

S, = BRI as 2ty 10T e - -,—1 (0
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A further an:ﬂ,vsisgc has been performed correlating the boundary data and

(y

hourly averaged solar wind and IMF measurements. The most significant results
were obtained when A(‘(}M was correlated with the interplanetary electric field

v B, for the hour preceding the boundary measurement, subject to the condition

. I3, - 1 nT. Correlation parameters are summarized in Tahle 4. To compare the
Table 4, The Intercepts (A ), Slopes, Correlation Coefficients (cc), and Sample
) Sizes (N) for the l.inear Regression of the Boundarv T.ocation With UBy7 in Fach
H Magnetic T.ocal Time Zone, With a 1 h Delay in the Value of the Interplanetarvy
1 \lagnetic Field (INF) Used
3
{
4
1 '
< ‘ North Pole South Pole
’ MLT \n Slope cC N \0 Slope ce N
& o N S S
o © 0400-0500 65.1 3.28 0.52 43
- 0500-0600 63.6 1.94 0.61 110
0600-0700 64.2 1.80 0.70 105 64.4 1.70 0.56 124
+ 0700-0800 66.1 2.56 0.68 85 63.7  1.95 0.¢1 94
+ 0£00-0900 65.1  2.27 0.69 8
- (Y00- 1000 65.5 1.74 0.74 36
T 1GO0-1100 b & 0.44 0.5 13
pe ’.
{ L 1e00-1700 £9.5 1oy 0.2 6
: ) L/700- 1600 be b N A i
3 <, 1600-1900 60.€ S8 n.81 44 L7 I.oU n. -
a S 1Y00-2000 67.3 1.70 .68 123 bbb 1.6] 0.0 141
JOD0-2100 65, 1.71 0./0 130 bhy. i o) .64 449
t BRI 650 Lol 0T 1
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with VR7 in mV/m,. This allows us to express the magnetospheric potential as a

function of VI3

e
., 2) =" BR.26.6+2.2vBR,) 1074 %5intz - 2 ) =L (41)
» 2} =B RL be 6 . 7 - -2, T

T'o test the validity of this equation it is possible to calculate the cross-
magnetospheric potential drop (:dvm), and ccmpare it with measured cross~polar-
cup potential drops (;@nc).

To estimate 'cpm, we use the poﬂs';'tion and shape of the magnetopause in the

equatorial plane given by \lellwain, In this representation, the magnetopause
lies at a distance of ”RII near the subsolar point, and flares to a distance of
l:')H}: »t the dawn-cdusk meridian, We ignore storm-time compressions of the
magnetosphere in the ealeulations, Two methods of calculating *cbm are used,
The first method sets Y 0 in TIq, {40}, making the axis of svmmetry the dawn-
dusk meridian,  The second method uses empirical values of ‘6 given in Tigure 26,
Far bp =0, the axis is tilted with the dusk stagnation point 23° to the nightward
=ide of the dawn-dusk meridian, For higher values of Kp, the stagnation point
rotates sunward, reaching a constant value of -45% for Kn ™ 2, In Figure 27, we
have sketcherl the axes of symmetry, indieating approximate distances to the dawn
and Aduslk sides of the magnetopause for Kp =0, 1, 2, antd » 2,

In FFigure 23, '<I>m is plotted as a function of Kp, VB3

tive when the interplanetase electrice field is directed from dawn to Juslk hositive ¥

7, and I-'.7. ‘.'R7 is posi-

in standard seocentrie, solar-magnetosnherie coordinates), Values of P.7 are
Adepived fpoe \"1/, nsing a4 solar wind speed of 100 '/ see,  The «nlid Tine ealeu-
Titton< e ot 03 that is, the dawn-=dusk meridian is the avic of svronetes,
Pl thie o, Q)I_. increases linearls from 6,5 6V for I'p = 0, *0 AT 4V for Fp = 0
e dot=da 0 line indiecates values of ‘QN nsing eranirien! value s of ‘n and aves of

RECE SN

oot inddieated in Picure 27, In these ealeulations, & ranges fror 5
for by =0, to "5 10 for Fno= 14, We nnte that in these caleulations there i< an

shrnpt tponsition in the trene of .q)r** near kp = 2, This is close to our indenendent]y
Jerived Threadbbaint s in D e

Por reference, in Fioure 285, we have also nlotted avernge values of ¢ -
n

(lo-hed Tine) 2= 2 function of Fp hazed on two veel s of OGO-1 oloetric fiald peaqce-

an . , . .
treccents,  Heraoner  foimlthat @ « Increa sed Tinearle frons 20 1% far Fin = 0,
re

te TR at B = AL St T value s of B, the DAIST values of ¢ are not sensitive

. NMelluwin, C, 17, 11072 Pla<sra convection in the vicinite of sonsvnebrononc
ovhit, n Eosthte apmeto spkesie Proeec<es, YT S Te e, T

’ Cay
DL Reidel Coy, Dovdpeeht, Hollond, n, 967,
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Ficure 27, llguatorial \lngnetopause’m With Distances \long \xes of Symmetry
for Variou: Values of Kp

to the vedue of o, and nre considerably less than ffeppner's ‘:d’pc‘ With values of

1T for by >, ‘'@ and -@ are of comparable magnitudes. In atime aver-

U0 e se : and P
» q)[)(‘ 1

in the moagnetotail,

L, re ooulpled through the process of magnetic reconnection
The two quantities must be roughlyv the same since, on average,
the amount of magnetic flux transferred to the nightside magnetosphere must equal
the simount being returned to the davside magnetosphere,

W emphasize that these are "nverage’' results in the sense that they represent
Teast squares fits to the datn, Heppnerﬁnr‘”int“‘] out that T‘pp(. frequently exceeds
100 KV during periods of high Kp, Similarly, in both DVISP I)})undarips, for cases
of Turge pecative H/’ and high Kp respectivele, the 1atitude of the boundary is often
rouch lower than the average, Since such cases correspond to the Alfven boundary

being eloser than average to the earth, thev also correspond to potentials exceeding
nn iy,
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Figure 28, Polar Cap Potential, From He-ppner-(m (Dashed T.ine), and From
Fq. (12) With ;o = 0 (Selid l.ine), and :4 \With Fmpirical Values (Dot-Dash line)

T Amverted N Phenomenoloes

Diffuse auroral electron precipitation is fairly uniform, and isotropically
distributed, In the poleward portion of the oval, electron fluxes are more spatiallv
structured, and are often field aligned, Discrete, optical ares are the most strik-
inr manifestation of the structuring process, The dominant structural features of
electron fluxes observed with polar orbiting satellites are the so-called inverted-V
structures, These structures are latitudinally narrow (~ 1%) bands of electron
precipitation that increase in average energy from a few hundred eV to several kel’,
then return to a few hundred e\, e On enerov-time spectrograms thev have the

shapes of inverted Vs, A\lthough individual inverted-\" structures have heen

2, Frank, .. \., and \ckerson, K, T, (1971) Observations of charged particle
precipitation into the auroral zone, 1, Geophys, Res, 70:3612,
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identified with ground-observed discrete arcs, 89 the general relationship between
the two phenomena is not clear, Inverted-Vs have latitudinal dimensions of several
hundred km, whereas optical arcs have typical widths of 1 to 10 km.90

I.in and Hoffman91 have studied the glohal distribution of inverted-V structures,
and the pitch-angle distribution of electrons within them., Figure 29 is an event

occurrence map of 280 inverted-V structures observed with the AE-D satellite.

AE-D
“INVERTED V' EVENT OCCURRENCE MAP
o0 X 2

nooh a3
LOCAL TIME

Figure 29, Spatial Occurrence \Map of 280 Inverted-V Tvents, T.ocal time and
cirecles of constant invariant 1atitude are shown as reference

20, A\ckerson, K. T.,, and Frank, T., \, (1972) Correlated satellite measure-
ments of low=-energy electron precipitation and ground-hased ohservations
of 1 visible auroral are, J, Geophvs, Res., 77:1128,

N, Alaoes, J. L., and Davis, T, N, (1968) \leasurement of the thickness of
wroral structures, L’lnnr‘t. Space Sei, 16:205,

a1, 1in, €, S,, and Hoffman, R, \, (1979 Characteristics of the inverted-\

event, J, Geophes, Res, 81:1514,
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This map shows that inverted-Vs are found throughout the high-latitude region,
They appear predominantly in the late evening sector, and are absent from the late
pre-noon MLT sector.

The pitch-angle distribution of electrons measured over an inverted-V event
is given in Figure 30, This spectrogram gives the ratio of field-aligned flux at a

AE-D 75309 FLUX RATIO SPECTROGRAM FLUX RATIO

25

STEPPED -7/60 <09 [
' 09,11 B3

1008 00 1008 30
UNIVERSAL TIME

Figure 30, Spectrogram Displaying the Flux Ratins at 7° and 60° of an Inverted-V
Fvent, The flux ratios are separated into four categories as shown in the upper
right corner

given energv, to the flux at pitch angles of 0°, The heavy black line gives the
energy at which the maximum differential flux was measured, YNote that the energv
of the peak flux rises to ~ 3 kel” at 1008:05 UT then decreases to~ 0,5 ke\” 20
seconds later, A\t the energv of the peak flux, the electrons are field-aligned,
whereas those with higher energies are isotropic over the downecoming hemisphere,
This distribution is consistent with the electrons having heen accelerated through

a field-aligned potential drop at an altitude above the point of ohservation, 82 Flec~
trons with energies less than that of the peak show highlv complex pitch-angle
distributions, Some of these electrons are secondaries and degraded primaries
trapped between a magnetic mirror point and an electrostatic potential barrier,

some of the low-energy electrons are highly field-aligned, suggesting that thev are

a2, Ilvans, D, S, (1974) Precipitating electron fluxes formed bv a magnetic field-
aligmed potential difference, 1, Geophvs, Res, 79:2883,
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t( accelerated electrons of ionospheric origin. If so, the complexity of their distri-
;‘ bution suggests that the field-aligned potential drop is varying temporally, and/or
:- spatially.

:; One of the most exciting developments of the 1970s was the development of

4 R direct evidence for the existence of field-aligned potential drops from measure-
! ments by instrumentation on the S3-3 satellite. The observational work of the

University of California, Berkeley group is summarized by Mozer. 93
{ The highly eccentric orbit of S3-3 carried it to altitudes of ~ 8000 km above
the auroral ionosphere, This is a hitherto unexplored region, At these altitudes,

1 very intense electric field structures were observed. An example given in
. Figure 31 shows electric fields at 8000 km reaching 400 mV/m, and undergoing
E
q 400 6 SEPTEMBER 1976 S33 ORBIT 475
5 zog - (a) 4
€ | — - At - -
* €& 2000 -
_400 r l i ] A 1 1 400
- {b) 4200 E
- --200 E
1 i | s 1 1 ] L -400
UNIVERSAL TIME 0240 0300 0320
ALTITUDE, km 7593 8042 7465
MAG. LOCAL TIME 18.7 17.6 14.7
INV. LAT.Degrees 6.0 7.5 7.5

Figure _}I}{ \n Example of a Rapid Flectric Field Reversal Ohserved at 8000 km
by 853=-31¢

rapid reversals, [If mapped, assuming iPen= 0, to auroral arc altitudes, the
electric field intensities would be of the order of 1000 mV\/m, and the latitudinal
width of the structure would be < 10 km, This is a tvpical width of a discrete opti-
cal arc. The electric field intensityv, however, greatlv exceeds that measured in
the lower ionosphere, I'or this reason, it is arcued that there must be a potential
drop along magnetic field lines that accelerate plasma sheet electrons to form arcs.
These electric field structures have been observed at all altitudes down to

10900 km,  Thev are mostly found above 1000 km, Comparisons of S3-3 electric

M. Nozer, Foo5, (1921) The low altitude electric field structure of discrete
auroral ares, in Phesies of Vuporal \re Pormation, S, -1, \kasofu, I'd,,
VGT Alonoceaph 25, Washineton, D, C. o, Lis 142,
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field measurements with simultaneous measurem~nts from other instruments on

the spacecraft show that the electric field structures are embedded in regions

of hydrogen cyclotron, electrostatic wave turbulence that are colocated with in-
verted-V precipitation structures, Within the electric field reversals, we find
fluxes of field-aligned electrons going into, and H+ and ot ions going out of, the
ionosphere, The specific morphologyv of these structures is still under active
studv. A\n understanding of how these structures extend up to altitudes of 25,000 km
will be one of the first fruits of the Dvnamics Fxplorer-A\ satellite, launched in the
summer of 1981,

7.1 Substorms

No overview of high-latitude electrodynamics would be complete without some
comment, no matter how cursorv, on substorms. It is during substorms that the
dvnamic coupling between the magnetosphere and ionosphere is most striking,
Despite intensive studies of substorm processes over the last fifteen vears, the
richness of the observations has made total agreement on what constitutes the
essential elements of a substorm elusive,

The evolution of discrete auroral arcs in the 11 -evening sector as svnopsized
from all-skv camera data bv \kasofu, 94 is given in Pigure 32, Under pre-substorm
conditions, homogeneous arcs extending for thousands of kilometers in the east-
west direction are found in the oval, and sun-aligned arcs are found in the polar cap.
Substorm onset is announced by a brightening of the most equatorward arc, The
discrete arcs expand poleward, and westward-traveling surges develop in the eve-
ning sector, -\fter expanding to some maximum latitude, the arcs slowly retreat
toward their pre-substorm condition,

To resolve differences hetween various schools of thought, nine active investi-
gators met in \ugust 1078 to: (1) specifv substorm signatures, and (2) unamhiou-
ouxly define words commonly (often differentlv) used to describe substorm proc-
esses, s Afajor points of acreement were:

(1) During extended periods of northward TV, the magnetosphere quiets

and asymptotically approaches a ground state,
(2) \s the INIF turns southward, magnetospheric convection increases, This

enhanced convection can exist for some time prior to substorm onset,

24, \kasofu, S. ~I. (1964) The development of the auroral substorm, Planet,
Space Sei, 12:273,

75, Rostoker, G., \kasofu, S. -I., Foster, .J., Greemuald, R. \,, Famide, N,
Kawasaki, K., T.ui, \. T. Y., VePPherron, R. T.,, and Russell, ¢, 7T,
(1030) Vlagnetaspheric substorms -- definitions and sienatures, I, Geophv s,
Res., 85:1A0A73, h -
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(3) Substorm onset is signaled by an explosive increase in luminosity of the
most equatorward arc, an intensification of the auroral electrojet, and a
burst of micropulsation. The burst of micropulsation testifies to the ex-
plosive nature of the onset process in the magnetospheric source region.

(4) The expansion phase occurs from onset to the time when the midnight
sector arcs have undergone their most poleward excursions, Note that,
in this definition, -multiple intensifications of the substorm process, each
marked by a micropulsation burst, are allowed.

(5) The recovery phase coincides with the period in which midnight sector arcs
retreat equatorward,

— ac” — L
. .
\
§
. . \ '
v
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Figure 32, Schematic Diagram to Illustrate the Development of the \uroral Sub-
storm, The center of the concentric circles in each stage is the north geomargnetic
pole, and the sun is toward the top of the diagram

(40




The substorm signatures dealt with in the August 1978 meeting are observabhle
from ground-based instrumentation, FExcept for the micropulsation bursts, the
signatures are of ionospheric effects whose causes lie in the magnetosphere. A
kev observation for understanding how substorms may be triggered comes from
numerous satellites at geostationarv altitude. During pre-substorm periods the
night=i-le magnetic field at 6,7 RF, takes on a tail-like configuration. At substorm
onset, the magnetic field rapidly recovers its normal, nearly dipolar, configuration.
Simultaneously, hot plasma sheet particles, with no dispersion, are injected,

To explain the observations, the following scenario has been pieced together,

(1) \t a southward turning of the INF, magnetic flux is transferred

from the dav to the night side of the magnetosphere, This process
proceeds for about half an hour in which potential energy, in the form

of stored magnetic flux, builds up in the tail. During this period, the
neutral sheet current moves earthward to~ 10 RF Teading to a tail-like
field geometrv at 6.7 RF.“ Recall that discrete arcs map to the houndarv
plasma sheet, rather than the central plasma sheet, Thus, the most
equatorward arc maps to a region near the inner edge of the neutral
sheet current,

(2) \t substorm onset, the neutral sheet current near the inner edge of the

boundary plasma sheet is diverted via field~-aligned currents through
the ionosphere. This leads to a collapse of the inner portion of the
tail. In the ionosphere, part of the energv released in the collapse

of the tail appears as an explosive brightening of the most equatorward
arc., \s the inner-tail field lines snap back to dipolar, plasma sheet
electrons are rapidlv accelerated by inductive electric fields, and are
injected to the vieinity of geostationary distance., The process con-
tinues while R?, remains southward,

(3) When the INIF turns northward, the rate of flux transfer decreases

abruptlv, If the TMF maintains a northward component for considerahle
time, the potential eneray stored in the tail is slowlv dissipated, and

the mametosphere relaxes toward a 'ground state,

8. CONCLLUSIONS

This treatise provides an introductory summary of cehat i< bnanm ahovt the
electrodvnamics of the magnetosphere, and the high-latitude fono=phere, nrior
to the Taunch of the Dynamics Pxplorer satellites, Our knoledoe f<oan asaleaes

of theoretical models and in =itu observations, In o aunlitative cense, -ve e




able to explain the gross features of magnetospheric processes, For example, a
set of MHD equations has heen used successfully to calculate the equilibrium shape
of the mag‘netopmlse.l However, the microphysics of how (if) magnetic merging
occurs at the magnetopause, and how particles cross the magnetopause to form

the boundarv laver, are not vet understood., An essentially MHD model for coupling
hetween the ionosphere and n.a,fz,'netospher-e44 has been applied to successfully simu-
late subhstorm effects in the inner plasma sheet, anr the low-latitude portion of the
auroral ovzﬂ.'m"17 I"hus, adiabatic energization is an important and well-understood
magnetospheric process, Other energization processes, associated with reconnec-
tion in the magnetotail, are not understood, The role of parallel electric fields for
the formation of auroral ares was experimentallv established in the 19765, Com-
peting theoretical models of how parallel electric fields form in a collisionless
plasma fill the literature., The 1ist of particle succecses eould oo on aned on,

With the ¢ift of hindsight, it is interesting to examine the work of cartngraphers
from the mid-seventeenth centurv, The mixed fruits of explorations spanning two
hundred vears are evident, liurope, the \Middle Fast, \frien, and th» eastern
shores of the \mericas are mapped with exquisite detail, Shapes assigned to the
\merican west consts and to the nations of east \sia range from vague to fanciful.
Our own position, twentyv vears into the age of satellite exploration, is analogous to
that of seventeenth-century map-makers, Some parts of the maenetosphere-
ionosphere svstem are well explored, Our understanding of other important parts
is based on fragmentary data samples, and leaves much to he desired, Undoubtedly,
readers a few decades henee will find many of our ideas as quaintlv amusing as the
seventeenth-century image of Japan, To those who view eartography or space
phyveies as quasi-statie processes, this is a =eandalous situntion. To those involverd

in the process, it i= the excitement of exploration,
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SYMBOLS AND GLOSSARY

Magnetic Vector potential

(zero energv) Boundary hetween open and closed electric equipoten-
tinls in the magnetosphere, Tt is believed to mark the earthward
boundary of the plasma sheet,

The instantaneous location of auroral particle precipitation
‘eccelerated, upward moving-ions observed at altitudes > 4000 km
above auroral ares with maximum fluxes along the magnetice field
vectar,

Mnmmetiec Field

Dipole magnetic field of the earth

Magnetie Field strength at mirror point

Vinonetie Mield strength in magnetotail

Total rmiagnetic field at magnetopause

“ccelerated ionospheric ions that are frequentlv ohserved at alti-

tudes > 2000 km oving up auroral magnetic field lines with mavi-

rore fluve s at piteh angles between 0% and 90,

Relativelw uniform precipitation of electrons and protons Iy E
central plasma sheet,

v ospatiallv confined region of potential drop frequently ohserved
in Inboratoryv plasmas, Thev are possiblv responsihle for field-
alimmed potential drops that occur above auroral ares,

Total enerov of a partiele

'neroy needed for a particle to undergo resonant scattering
"Tectrie Field

Convective electric field

Corotation electric field

ternnte name for the interior cusp where magnetosheath elec-
trons gain diffuse entry to the macnetosphere

The bhoundary in the midnight sector between the westward ane
easteard electrojet s

Height integratecd current

Interplanetary magnetic field




Inverted-V

1,

Low Latitude
Boundary
l.ayer

M

m
P

Magnetosheath

T‘S

Plasma mantle

Piteh \ngle

Plasma Sheet
Boundary
[Laver

SAI

T.atitudinally narrow (~ 1,0°) bands of electron precipitation that

increase in average energy from a few hundred eV to several keV

and then return to a few hundred eV, On time-energy spectrograms

they have the shape of inverted Vs,

§p ‘ds - the longitudinal invariant of particle motion in a force field
|

Current density

Planetary 3-hour index of magnetic activity compiled from a world-
wide network of mid-latitude magnetometer stations

Distance from the center of the earth measured in earth radii

A thin (~ 0.5 Rf) layer inside the magnetopause characterized by
closed magnetic field lines and magnetosheath plasma flowing in
the antisunward direction

Magnetic moment vector of the earth

mass of a proton

Region of shocked solar wind plasma flow

ns/ Ry

Unit normal, directed outward from magnetosphere

Solar wind density

Total pressure tensor

Thermal pressure due to solar wind electrons

Thermal pressure due to solar wind ions

\ region of antisunward, field-aligned plasma flow observed in-
side the magnetosphere in the region of open magnetic field lines

The angle betwecen a particle's velocity and the local magnetic
field vector

\ spatially thin region between the central plasma sheet and the
lobes of the magnetotail, The region is often marked by signifi-
cant field-aligned plasma flows

Radius of curvature of magnetic field lines

irarth Radius

Radius of magnetotail

Distance to the stagnation point where corotation and convective
eleetric fields cancel exactly

Geocentric solar ecliptic coordinates

Geocentric solar magnetospheric coordinates

-]
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Maxwell stress tensor

7. component of interplanetary magnetic field multiplied by its
velocity. This quantity is also referred to as the interplanetary
electric field

Drift velocity due to magnetic field line curvature

Drift velocity

Drift velocity due to electric field

Drift velocity due to magnetic field gradient

Neutral wind velocity

Solar wind velocity

Pitch angle

Pitch angle of a particle at the magnetic equator

Angle of atmospheric loss cone shaping factor

Parameter giving the level of electrical shielding of the magneto-
sphere from the convective dawn-to-dusk electric field

Parameter used by \kasofu, vR? sin’ 6/2)

Iquatorward boundary of diffuse auroral precipitation (see Alfven
boundary)

Magnetic moment
Permittivity of free space

Conductivity tensor
Pedersen conductivity

Flectrical potential

Cross-magnetospheric potential drop
Cross-polar cap potential drop

l.ocal time, angle measured from midnight
Inclination of magnetic field lines

p\.dl - the flux invariant of energetic particle motion

\naular spin velocity of the Farth
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